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Abstract 
Reading is an important daily task, but it is very difficult for people who have lost 
their central vision, because they must use peripheral vision to read. One hypothesis for 
slow reading speed in peripheral vision is the shrinkage of the visual span, which is the 
number of identifiable letters within a glimpse.  Previous studies have shown that 
perceptual training tasks of letter recognition can enlarge peripheral visual span, as well 
as improving peripheral reading speed by 40% or more. This thesis focuses on sensory 
and cognitive factors that facilitate or limit the training-related improvements, with an 
ultimate goal of developing rehabilitation protocols for people with central-field loss. 
Chapter 1 gives an overview of the thesis. Chapter 2 demonstrates that there are common 
constraints limiting the size of the visual span across languages (Korean and English), 
and that extensive training of reading Korean characters using peripheral vision enlarges 
Korean visual span as well as English visual span. This transfer of training suggests a 
pre-symbolic nature of the visual span, and a strong potential for training benefits to 
generalize to untrained scripts. Chapter 3 discusses visual crowding, the inability to 
recognize objects in clutter, which is proposed to be the major sensory factor limiting the 
size of the visual span and reading. The results lead to the conclusion that reducing the 
impact of crowding can enlarge the visual span and can potentially facilitate reading, but 
not when adverse attentional bias is introduced, for example directing attention to one 
specific, small area in the visual field. By dissociating the influence of sensory and 
attentional factors, the link between crowding, visual span and reading was clarified. 
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Finally, Chapter 4 reports on a study where the training was implemented in a word-
guessing video game. The game training successfully enlarged the visual span and 
improved reading speed. Embedding the training in a game enhanced the enjoyment of 
the training and can temporarily boost letter-recognition performance during the game, 
but the quality of the training was not altered compared with similar training without the 
game. Together, the studies presented in this thesis not only speak to the theoretical basis 
for the training-related changes, but also provide practical guidance for designing 
potential reading rehabilitation protocols for people with central-field-loss. 
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Chapter 1. Overview 
Age-related macular degeneration (AMD) is a prevalent condition among elderly 
people and affects approximately 6.5% of the US population aged 40 years and older 
(Klein et al., 2011). Macular degeneration is caused by the death of photoreceptors in the 
macular region of the retina. Two major forms of AMD are the dry form and the wet 
form. In dry AMD, also termed geographic atrophy, the atrophy of the retinal pigment 
epithelium cells underlying the retina causes the loss of corresponding photoreceptors, 
resulting in vision loss. The damage is patchy and does not always influence the fovea, 
but if it does, the patient will be left with central-field loss. Wet AMD, sometimes called 
neovascular AMD, is caused by abnormal growth of blood vessels under the retina. These 
vessels are fragile and may rupture, bleed, and scar, damaging the photoreceptors.   
In more advanced cases of AMD, the central visual field is impaired, often 
bilaterally. Central visual field is the region with the highest visual acuity and is used to 
fixate and to distinguish fine details. People with central-field loss have to use their 
peripheral vision for high-acuity daily activities. Reading, being one of the most 
important daily activities, is highly challenging in peripheral vision. This makes reading 
extremely hard for some AMD patients, discouraging them from reading on a regular 
basis. The impairment not only poses difficulties in a person’s daily life, but also impacts 
the person’s psychological well-being (Mitchell & Bradley, 2006). These consequences 
motivate researchers to develop rehabilitation methods for people with AMD and 
provoke the research in the current thesis.  
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There has been continuous effort to tackle the reading difficulties in people with 
AMD. Two big obstacles in peripheral reading are the insufficient acuity to distinguish 
fine details and the poor quality of saccades along the text. To compensate for low acuity, 
various types of reading aids can be supplied, ranging from simple optical magnifiers to 
powerful video magnifiers (for a review, see Virgili, Acosta, Grover, Bentley, & 
Giacomelli, 2013). To improve oculomotor function with a non-foveal reference point, 
training protocols on eye-movement control have been developed (e.g. Seiple, Szlyk, 
McMahon, Pulido, & Fishman, 2005). Moreover, to minimize the occlusion of text 
caused by the scotoma, researchers have tried to optimize the position of the reference 
point of saccades (Nilsson, Frennesson, & Nilsson, 2003; Vingolo, Salvatore, Domanico, 
Spadea, & Nebbioso, 2013; Vingolo, Salvatore, & Limoli, 2013) or to modify text 
presentation (such as 90 degrees rotated text) (Calabrèse, Liu, & Legge, 2017).  
In addition to reduced acuity and inaccurate oculomotor control, peripheral vision 
may have other properties which limit reading speed. With adequate magnification and 
after eliminating the need for eye movements using rapid serial visual presentation 
(RSVP) to measure reading speed (Forster, 1970; Rubin & Turano, 1992), the maximum 
reading speed in peripheral vision is still not comparable to that in central vision: From 0° 
(fovea) to 20° in the periphery, maximum RSVP reading speed decreased from 807 
words-per-minute (wpm) to 135 wpm for normally-sighted subjects (Chung, Mansfield, 
& Legge, 1998). One proposed factor influencing reading speed is the visual span, which 
is the number of letters that can be recognized accurately without eye movements (Legge 
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et al., 2007). Figure 1-1 demonstrates the measurement of visual span using a letter-
recognition task and the resulting visual span profile. According to the visual span 
hypothesis, the size of the visual span poses a sensory bottleneck on reading speed. From 
central to peripheral vision, the decrease in reading speed is correlated with shrinkage in 
the size of the visual span (Legge et al., 2007).   
 
 
Figure 1-1. Visual span measurement and the visual span profile. 
 
The association between reading speed and the size of the visual span has raised 
the possibility of improving peripheral reading speed via enlarging the visual span by 
perceptual learning. Perceptual learning is a process where long-lasting improvements of 
certain perceptual skills happen after extensive practice on those tasks. For the human 
visual system, perceptual learning can improve various capabilities such as visual acuity, 
contrast sensitivity, pattern recognition, motion detection, visual working memory, visual 
attention, and others  (for reviews, see Fine & Jacobs, 2002; Sagi, 2011). Perceptual 
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the size of the peripheral visual span for normally-sighted young adults, accompanied by 
an improvement of at least 40% in reading speed(Chung, Legge, & Cheung, 2004; He, 
Legge, & Yu, 2013; Lee, Kwon, Legge, & Gefroh, 2010; Yu, Legge, Park, Gage, & 
Chung, 2010). Elder adults within the age range of the onset of AMD can also benefit 
from this type of training, achieving a 60% improvement in reading speed(Yu, Cheung, 
Legge, & Chung, 2010). Recently, similar training has also been applied to people with 
central-field loss (Calabrèse et al., 2017; Chung, 2011; Nguyen, Stockum, Hahn, & 
Trauzettel-Klosinski, 2011) For instance, Chung (2011) trained 6 subjects with an RSVP 
reading task. Six weekly training sessions yielded a mean improvement of 53% in RSVP 
reading speed. These successful examples demonstrate the potential clinical value of 
perceptual training. 
This thesis focuses on improving peripheral vision to read, with an ultimate goal 
of developing rehabilitation protocols for people who have lost their central vision. 
Specifically, the major interests are the nature of training-related enlargement of the 
visual span, and factors that facilitate or limit the transfer of the training effect to 
improved reading performance. Note that in the current thesis all the reported 
experiments were conducted with normally-sighted subjects. This is to ensure the 
effectiveness of the training protocols before applying the methods to people with AMD. 
Chapters 2, 3 and 4 are structured as three research papers, dealing with different aspects 
of the changes associated with letter-recognition training.  The remainder of Chapter 1 
summarizes the major findings in these three papers. 




Is the training-related enlargement of visual span specific to the symbols used in 
training? If so, the training will not generalize and will only have a limited benefit. 
Chapter 2 presents a study examining whether there are common constraints limiting 
Korean and English recognition, and whether the training benefits will transfer from 
Korean to English characters. Nine Korean-English bilingual subjects underwent 4 daily 
training sessions of reading Korean trigrams (three adjacent characters). Training was 
conducted in the lower visual field. Before and after the training, we measured visual 
spans for Korean symbols—single Korean components (vowels and consonants), single 
Korean characters (composed of 2 or 3 components), and Korean trigrams—and also 
English symbols—single letters and trigrams. The 5 types of testing stimuli are illustrated 
in Figure 1-2. 
 
 
Figure 1-2. Five types of testing stimuli used in Chapter 2. 
 
 The results showed that the size of both Korean and English visual spans were 
limited by a physical property of the script, namely pattern complexity, rather than their 
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components  > Korean single characters = English trigrams > Korean trigrams, and was 
negatively correlated with averaged pattern complexity of the symbol sets. Training 
enlarged the visual spans for Korean single characters and trigrams, and the benefit also 
transferred to English trigrams. This successful transfer is likely due to improved 
recognition of shared features underlying recognition in both scripts. Together, these 
results provide evidence that the visual span reflects a universal sensory limit for text 
recognition across languages.  
Chapter	3.	Linking	Crowding,	Visual	Span,	and	Reading.	
Visual crowding, the inability to recognize objects in clutter, has been found to be 
the major sensory factor limiting the size of the visual span (He et al., 2013; Pelli et al., 
2007). It thus appears that crowding limits reading speed by limiting the size of the visual 
span. However, this proposed linkage seems to be inconsistent with the finding that after 
training to recognize tightly-arranged letters in peripheral vision, crowding was reduced 
but peripheral reading speed was not improved (Chung, 2007). Chapter 3 deals with this 
discrepancy by disentangling the impact of crowding and spatial attention. 27 normally-
sighted college students were trained for 6 days, 1 hours/day, to read letters using 
peripheral vision. They were randomly assigned to three groups where the training 
stimuli varied in two key ways: the presence of flankers (whether the target letter for 
recognition was isolated or crowded) and the spatial distribution of training stimuli 
(whether the target letters were distributed across different horizontal locations, or always 
localized at one fixed location). Three training groups were designed (Fig. 1-3): the 
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Flanked-Local, Flanked-Distributed, and Isolated-Distributed Groups. Before and after 
the training, the spatial extent of crowding, the size of the visual span, and RSVP reading 
speed were measured.  
 
 
Figure 1-3. Training stimuli for the three training groups in Chapter 3. 
 
The major finding was that spatially distributed training stimuli, as in the two 
Distributed Groups, appeared to be necessary and sufficient for the training benefit to 
transfer from letter recognition to increased reading speed. Spatially localized training as 
in the Flanked-Local Group failed to improve reading, possibly because training 
facilitated the deployment of attention to one specific, small area in the visual field, 
which was disadvantageous for reading. We also found, surprisingly, that training 
without the presence of flankers (the Isolated-Distributed Group) was effective in 
enlarging the visual span and improving reading speed. This is contrary to the intuition 
that training with crowded stimuli should be necessary to reduce the impact of crowding. 
Overall, Chapter 3 suggests that while the visual span represents a sensory bottleneck on 
reading, there may also be an attentional bottleneck. Reducing the impact of crowding 
can enlarge the visual span and can potentially facilitate reading, but not when adverse 
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Chapter	4.	Training	With	A	Game:		More	Fun	But	Not	More	Improvement	
Despite the promising improvement related to perceptual training, the training 
procedure suffers from being laborious and tedious. The nature of perceptual learning is 
to repeat the same task intensively and for a long time, which is likely to discourage 
patients from continuing training. Video-game training may help to address this problem. 
For normally sighted subjects, research has shown that video-game playing can not only 
elevate subjects’ interest in the task, but also yield improvements on various visual skills, 
from low-level contrast sensitivity to high-level visual attention (for a review, see 
Bavelier & Green, 2012). Chapter 4 reports on a form of game training we developed, 
where the trigram training was incorporated into a word game similar to the popular TV 
show Wheel of Fortune (for a .gif demonstration, please go to 
https://yingchenhe.files.wordpress.com/2017/02/game-movie.gif?w=825). In the game, 
after completing each trigram-recognition trial, correct letter responses will yield clues to 
words-to-be-guessed. The subjects were thus motivated to recognize as many letters as 
possible in order to collect clues for successful guessing.  
The benefits of the game training were evaluated in comparison with a no-game 
trigram training (6 subjects, data from He et al., 2013), including subjective engagement, 
real-time performance boost, and sustainable learning effects. Six young, normally 
sighted college students played the game for 4 days, 1.5 hours/day, matching the training 
time of the no-game training group. Since adding the game reduced the number of 
training trials to half of that in the no-game group, another six subjects were trained for a 
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total of 12 hours to match the total number of trials to the no-game training. The size of 
the visual span and RSVP reading speed were measured in the pre- and post-tests.  
We found that embedding the trigram training in a word-puzzle game enlarged the 
visual span, and the improvement largely transferred to an untrained visual field and to 
improved reading. A survey administered to subjects revealed that the game was more 
enjoyable compared to the no-game tasks, mostly because of its timely feedback and its 
competition aspect. We also built a model to separate the effects of training and gaming 
on performance. Our model showed that incorporating the game in the training protocol 
boosted real-time letter-recognition performance while playing the game, but sustainable 
improvement due to training was not enhanced. We conclude that the video-game 
component of our training protocol enhanced subjective experience but did not enhance 
the objective improvement in reading speed.  
Summary	
The studies presented in this thesis demonstrated that the visual span reflects a 
universal sensory limit for text recognition and reading across languages. But the visual 
span may not be the only bottleneck for reading; there may also be an attentional 
bottleneck where narrowly focused spatial attention is disadvantageous for reading. 
Adding a game component to the training protocol makes the training more enjoyable, 
although it does not enhance the sustainable training benefit.  These results provide 
insights into the design of a potential reading rehabilitation protocol for people with 
AMD: it needs to consider both sensory and attentional bottlenecks, and may even 
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include a gaming component to improve user experience. If successful, the training 
benefits will likely generalize to other untrained scripts, which adds to its clinical value.  
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Chapter 2. Pre-symbolic Nature of the Visual Span 
-- Comparing Korean and English Recognition 
 
Introduction 
Human pattern recognition is limited by available visual information within a 
glimpse. The visual span, referring to the number of identifiable letters within one 
fixation, reflects such sensory limits on reading (Legge et al., 2007). Recently, the 
concept of visual span has been generalized to faces (He et al., 2015), showing that 
similar sensory constraints limit both face and letter recognition. This indicates that the 
visual span reflects presymbolic limits of human vision on pattern recognition. 
In peripheral vision, the size of the visual span for English characters can be 
enlarged through letter recognition training (e.g. Chung, Legge, & Cheung, 2004). The 
major component of this enlargement is a reduction of between-letter crowding, followed 
by a minor contribution from reduced errors in encoding the position of the letters (He et 
al., 2013). The training-related enlargement of the visual span can transfer to an untrained 
visual-field location (Chung et al., 2004; He et al., 2013; Yu, Legge, et al., 2010) or to an 
untrained print size (Yu, Legge, et al., 2010). This transfer suggests that the effect is not 
retinotopically specific and can tolerate some variance in the size of the stimuli.  
 But is the training-related improvement symbol-specific, or is it transferrable to 
an untrained set of symbols? One possible symbol-specific mechanism of the 
improvement is to learn better templates for identification. The templates for 
identification can be estimated using a classification image technique. Gold and 
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colleagues compared the templates used by an ideal observer and human subjects in a 
pattern discrimination task (Gold, Sekuler, & Bennett, 2004). While the template for an 
ideal observer was simply the difference between the two alternatives, human subjects 
used a sub-optimal template that was only partially correlated with the ideal template. 
They further confirmed that perceptual training improved the template used by human 
subjects to be more similar to the ideal’s.  
If the subjects learned more precise templates of the trained samples, there would 
be limited transfer of training benefits to an untrained set of symbols. Alternatively, if the 
underlying mechanism of improvement is not symbol-specific, such as reduced spatial 
extent over which crowding can happen, training benefits will transfer. Here, to test 
whether the mechanism of training-related improvement is symbol-specific or not, we 
will examine whether training to recognize Korean characters transfers to English letter 
recognition. If transfer occurs, we will conclude that the learning mechanism is not 
specific to the set of symbols being tested and therefore not primarily due to sharpening 
of the character templates. 
We chose to study transfer from Korean to English mainly for two reasons. First, 
despite the differences in the symbols, Korean writing and English writing are both 
alphabetic, making them similar and comparable to each other. Korean language is 
written in the Korean alphabet (consonant and vowel letters) known as Hangul. The basic 
letter set contains 24 distinct symbols--14 simple consonants and 10 simple vowels, close 
to the set size of lowercase English letters (26).  
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Unlike English writing where letters are arranged horizontally, Korean letters do 
not stand alone. Instead, they are assembled into blocks of syllables (characters), where 
each character contains 2-3 letters, or sometimes even more (see Methods for a detailed 
description). These characters are then arranged horizontally to create a word, similar to 
how letters are arranged in English words. Given the special arrangement of Korean 
characters, it is likely that both within-character and between-character crowding are 
present in Korean reading. This is our second reason to choose Korean as our subject of 
study, because it allows us to study the nature of the training: If the Korean visual span 
enlarges after training, is it due to a reduction of within-character or between-character 
crowding, or both?  		
	
Figure 2-1. Testing stimuli used in Chapter 2. 
A. Five types of testing stimuli, including single English letters, English trigrams, single Korean 
components, single Korean characters, and Korean trigrams. B. 24 basic Korean components, including 14 
consonants and 10 vowels. C. Construction of Korean characters. The top row shows two-component (left) 
and three-component (right) characters whose vowels contain a major vertical bar. The bottom row shows 
two-component (left) and three-component (right) characters whose vowels contain a major horizontal bar. 
 














B. 24 Basic Korean Components




= + += +
= +
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Given the higher complexity of Korean characters compared to English letters, 
and the negative correlation between perimetric complexity and visual span size tested 
with Chinese and English characters (Wang, He, & Legge, 2014), we predict a smaller 
visual span of Korean single characters compared to English letters, and a smaller visual 
span of Korean trigrams compared to English trigrams. If the training improvement is not 
symbol-specific, we will observe that our training with Korean characters successfully 
transfers to English letters. 
To summarize, our study has two purposes: 1) to compare Korean and English 
visual spans, and 2) to examine whether training to read Korean characters enlarges the 





4 male and 5 female native Korean speakers were recruited from the University of 
Minnesota (mean age 21.8, ranging from 19 to 24 years old). All subjects were fluent in 
English and were able to type in both English and Korean dexterously. Participants all 
had normal or corrected-to-normal vision, with binocular acuity of -0.04 ± 0.01 logMAR 
(mean ± SEM, measured by Lighthouse Near Acuity Chart, Lighthouse Low Vision 
Products, Long Island City, NY). The protocol was approved by the Institutional Review 
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Board and was in compliance with the Declaration of Helsinki. All subjects gave 
informed consent prior to the experiment. 
Stimuli	and	Apparatus	
The stimuli consisted of black text (English or Korean) on a white background 
(background luminance 102 cd/m2; Weber contrast = 98%). We used a NEC MultiSync 
CRT monitor (model FP2141SB-BK, NEC, Tokyo, Japan; refresh rate = 100 Hz; spatial 
resolution = 0.04°/pixel) controlled by a Mac Pro Quad-Core computer (model A1186, 
Apple Inc., Cupertino, CA). Five types of symbols were used in the experiment (Fig. 2-
1A): single English letters, English trigrams (strings of three characters), single Korean 
components (consonants and vowels), single Korean characters, and Korean trigrams. 
English letters were rendered in Courier, and Korean characters were rendered in Nanum 
Gothic. The stimuli were generated and presented using MATLAB R2014b with 
Psychophysics Toolbox 3 (Brainard, 1997; Pelli, 1997). All stimuli were viewed 
binocularly from 30 cm in a dark room. Viewing distance was maintained using a chin 
rest and subject’s fixation was monitored using a webcam.  
Size. All English letters were lowercase and had an x-height of 3.8°. For trigrams, 
the center-to-center spacing between letters was 1.16 × x-width (standard spacing for 
Courier, approximately 5.14°). The size of the Korean characters was scaled so that the 
center-to-center spacing between adjacent characters was also 5.14° (Fig. 2-1A). Both 
English letter size and Korean character size exceeded their corresponding critical print 
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size for reading at 10 degrees in the lower visual field (Baek, He, & Legge, 2016; Chung 
et al., 1998), so that the print size was not a limiting factor of reading speed. 
Korean character set. In a related project we used 900 Korean sentences to 
compare Korean reading speed in central and peripheral vision (Baek et al., 2016). Here, 
we used the most frequent 279 characters from those sentences (accounting for 90% 
occurrences) as our testing stimuli. A full list of the characters is supplied in Appendix 1. 
We acknowledge that the set size (279) was large when compared to English (only 26 
letters), but since reducing the set size would compromise the resemblance of the task to 
real Korean reading, we kept the set of 279 characters. To minimize the influence of set 
size, all the characters were printed on a hard copy paper, and we encouraged the subjects 
to review the list before each testing block. Subjects were not required to memorize the 
list, but if during the measurement they reported any out-of-set characters, a warning was 
triggered. The trial was cancelled and we ran replacement trials until the response was 
within the set. Out of the total trials, 11% contained out-of-set responses.  
Korean components and characters. There are at least two components in a 
character: an initial consonant letter and a vowel letter. For a character with two 
components, they are arranged left-right if the vowel has a major vertical bar, or arranged 
top-bottom if the vowel has a major horizontal bar. For a character with more than two 
components, a final consonant letter is also present and will always be placed below the 
other two letters, no matter how the lead consonant and vowel letters are arranged. Figure 
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2-1C provides examples for these variations. In our set of 279 characters, 114 of them are 
two-component characters (40.9%) and the rest are three-component characters.  
Generation of testing stimuli. We generated images of English letters, Korean 
components, and Korean characters before the experiment. English letters and Korean 
characters were directly “typed” onto the backdrop in Matlab and cut using the default 
bounding-box for the specified size (282 pixel (W) by 345 pixel (H)). For Korean 
characters, we first generated images of Korean characters and then cut component 
images from them (see Appendix 1 for a detailed description). We carefully controlled 
the shape and size of the components so that they are representative of what appear in 
common characters.  
Experimental	Design	
Our experiment consisted of 3 parts (Fig. 2-2A): pre-test (day 1), training (day 2-
5), and post-test (day 6). Each daily session lasted for approximately 1.5-2 hours. 
In the pre- and post-tests, subjects’ visual span profiles for both Korean and English were 
measured (Fig. 2-2A; see later for details). English visual-span profiles were measured in 
the order of single letters and trigrams. Korean visual-span profiles were measured in the 
order of single components, single characters, and trigrams. Whether to first measure 
Korean or English visual span was counterbalanced between subjects in the pre-test, and 
reversed in the post-test for each subject (for example, Korean-English in the pre-test and 
English-Korean in the post-test). From day 2 to day 5, subjects underwent training 
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sessions where each day they performed 16 blocks of visual span measurements using 
Korean trigrams.  
 
 
Figure 2-2. Experimental procedure and visual span measurement.  
A. Experimental procedure. B. Visual span profiles. C. Diagram of single-symbol measurement. 
D. Diagram of three-symbol measurement. 
 
Visual	Span	Measurement	
In order to measure the size of the visual span, we performed a letter-recognition 
task, similar to the task in He et al. (2013). Letters were presented in pre-defined slots, 
which were horizontally arranged on an imaginary line at 10° in the lower visual field 
English visual span
  - Single letters, 2 blocks, 72 trials/block
  - Trigrams, 4 blocks, 66 trials/block
Korean visual span
  - Single components, 2 blocks, 72 trials/block
  - Single characters, 2 blocks, 72 trials/block
  - Trigrams, 4 blocks, 66 trials/block
(Whether to test Korean or English first is
 counterbalanced between subjects.)





























Korean trigram visual span measurement
  - 4 daily sessions, ~1.5-2 hours/day
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(Fig. 2-2B). The slot on the fixation midline was labeled 0, and left and right slots were 
labeled with negative and positive numbers respectively. The center-to-center spacing 
between adjacent slots was approximately 5.14° (1.16 × x-width, corresponding to 
standard spacing in the Courier font).   
As described previously, there were 5 different types of testing stimuli. In a 
single-symbol trial (English letters, Korean components, or Korean characters; Fig. 2-2C), 
the subject first fixated on a dot, then pressed the space bar to initiate a trial. The symbol 
would appear for 100ms, and the subject was asked to type that symbol using a keyboard. 
To reduce typing errors, the typed response was shown on the screen, and the subject was 
asked to confirm the response by hitting the enter key. The visual feedback for typing 
was rendered in a font different from the testing stimuli (and also rendered in uppercase 
for English) to minimize the potential benefit on performance caused by seeing the 
symbol. Within a block, stimuli appeared 8 times on each slot from -4 to 4 in a random 
order, making a total of 72 trials. In the pre- and post-tests, single English letters, single 
Korean components, and single Korean characters were each measured in 2 blocks 
respectively.  
For English and Korean trigrams  (Fig. 2-2D), we used a partial report method in 
order to minimize the memory load. In the beginning of a trial, there were 3 horizontally-
arranged green dots in the center of the screen. The subject needed to fixate on the middle 
dot, and press the space bar to initiate a trial. A trigram would appear for 100ms, and 1 of 
the 3 dots would change to red, indicating which symbol to report. For example, if the 
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left dot changed to red, the subject needed to report the left symbol of the three. The 
response was recorded in the same way as for single-symbol trials. Within a block, 
stimuli were centered 6 times on each slot from -5 to 5 in a random order, with the left, 
middle and right letter each being cued 2 times. Since slots ±5 and ±6 had fewer letters 
than the other slots, only data from slots -4 to 4 were used in further analysis. In the pre- 
and post-tests, English and Korean trigrams were each measured in 4 blocks, respectively. 
To get the visual span profiles, letter-recognition accuracy was plotted against letter 
positions (Fig. 2-2B). We will report the average accuracy across the 9 slots as a 
summary of the size of the visual span.  
Two-Stage	Model	for	Pattern	Recognition	
In a previous study comparing letter and face recognition, we modeled pattern 
recognition as a serial, independent two-stage process to quantify the influence of 
crowding (He et al., 2015). Briefly, this model assumes that at the first stage, recognition 
is limited by factors affecting the processing of isolated symbols. The second stage 
represents the additional interfering effects of nearby symbols on recognition. Each stage 
is characterized by its reliability, that is, the probability that the correct information is 
transmitted through this stage. We have built 3 separate models where the first stage 
corresponds to recognizing single English letters, Korean components, and Korean 
characters. To distinguish between them, we will use subscripts E, K_component and 
K_character respectively when describing the corresponding reliability. 
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According to our model, the reliability of the first stage (R1) is equal to the 
probability (corrected for guessing) of correctly identifying isolated symbols. R1 could be 
influenced by factors such as visual acuity, contrast sensitivity, and others. For simplicity, 
we will use “acuity effect” to describe any factor that may influence the recognition of 
isolated symbols.  
The probability of recognizing the same symbol in a crowd (also corrected for 
guessing) is the product of the reliabilities of the two stages (R1 × R2). For example, if the 
recognition accuracy is 90% for an isolated English letter and 70% for a letter in a 
trigram, then 
R1, E = 0.9, and 
R1, E × R2, E = 0.7 . 
From here, R2, E can be computed as 0.7 / 0.9 = 0.78.  
Korean characters are different from English letters, because they are each made 
up of individually identifiable components. We therefore built two separate models for 
Korean characters. One model treated the recognition of individual Korean components 
as the first stage, and represented the influence of other components within the same 
character in the second stage. If the recognition accuracy is 90% for an isolated 
component and 80% for a component in an isolated character, then R1, K_component = 0.9 
and R2, K_component = 0.8 / 0.9 = 0.89.  Note that during single Korean character and Korean 
trigram measurements, we only ask the subjects to report the identity of the entire 
character, not the components. However, once we know the identity of the character, for 
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example , we can infer that the subject thinks the three components are , and  
and then score them based on component accuracy. Figure 2-1C gives some examples of 
this decomposition. 
The second model treated the recognition of individual characters as the first stage, 
and the influence of nearby characters was reflected in the second stage. According to 
this model, if the recognition accuracy is 70% for an isolated character and 50% for a 
character in a trigram, then R1, K_character = 0.7 and R2, K_character = 0.7 / 0.9 = 0.78.   
Thus, the values of R2 can be interpreted as the letter recognition accuracy when 
stage 1 processing is not a limiting factor, i.e. when the reliability of stage 1 is 100% (R1 
= 1.0). In this way we can remove the influence of the acuity effect from the visual span 
and estimate the influence of within- and between-symbol crowding. The closer to 1 R2 is, 
the less crowding there is.  
Statistical	Analysis	
When comparing training effects between types of symbols, we performed a 5×2 
repeated-measures ANOVA on the average accuracy of the visual span profiles, with two 
within-subject factors being symbol type (English letters / English trigrams / Korean 
components / Korean characters / Korean trigrams) and session type (pre-test / post-test). 
When evaluating the changes in crowding, we performed a 3×2 repeated-measures 
ANOVA on the R2 values, including R2, E, R2, K_component, and R2, K_character. Two within-
subject factors were symbol type (English letters / Korean components / Korean 
characters) and session type (pre-test / post-test). If a significant interaction was found, 
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we further analyzed the interaction using R with the package phia (Post-Hoc Interaction 
Analysis; Martínez, 2013). The reported p-values were adjusted for multiple comparisons.  
 
Results  
In the following sections, we will first compare the visual span profiles for the 
five types of symbols, and then examine how training changed the size of these visual 
spans. To preview, we found that the size of visual spans, both before and after training, 
ranked as: English letters = Korean components > Korean characters = English trigrams > 
Korean trigrams. After training, the visual spans for Korean characters and Korean 
trigrams both enlarged, and the enlargement transferred to English trigrams. Using our 
two-stage model, we found that training reduced the within-character and between-
character crowding in Korean recognition, as well as between-letter crowding in English 
letter recognition.  
Comparing	Korean	and	English	Visual	Spans	
We first compared the visual span profiles in the pre- and post-tests for Korean 
and English symbols. From left to right, Figure 2-3 shows results for English letters, 
Korean components, Korean characters, English trigrams and Korean trigrams. In both 
pre- and post-tests, the visual span profiles for English letters and Korean components 
were very similar and close to perfect recognition, but the profile for Korean characters 
was narrower and had a lower peak, suggesting a smaller size. The visual span for 
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English trigrams was larger than that for Korean trigrams, but they both had decreasing 
recognition accuracy for letter positions farther away from the midline. 
 
 
Figure 2-3. Korean and English visual span profiles. 
Dashed lines and open symbols: pre-test. Solid lines and filled symbols: post-test. Error bars: ±1 SEM. 
Small panels on the bottom are individual curves. 
 
We then asked how the differences in the size of the visual span related to the 
pattern complexity of the different sets of symbols. We used perimetric complexity 
(Attneave, Arnoult, & Attneave, 1956; Pelli, Burns, Farell, & Moore-Page, 2006) to 
quantify pattern complexity. For a binary figure, perimetric complexity is well defined as 
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Figure 2-4. Perimetric complexity analysis. 
Each data point represents one subject’s visual span size in one of the following conditions: Korean 
components (complexity = 96), English letters (102), Korean characters (243), English trigrams (307), and 
Korean trigrams (729). Straight line is a linear fit, with shaded area showing 95% confidence interval. 
 
Figure 2-4 shows the correlation between perimetric complexity of the five types 
of symbols and their visual span size (in terms of average recognition accuracy). From 
most simple to most complex, the average perimetric complexity of the sets of symbols 
was ranked as Korean components (96), English letters (102), Korean characters (243), 
English trigrams (307), and Korean trigrams (729). Their corresponding average accuracy 
for visual-span profiles was 95.7%, 98.4%, 74.2%, 73.2%, and 35.5% in the pre-test, and 
97.2%, 99.2%, 82.4%, 79.1%, and 45.3% in the post-test. The general pattern was that 
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was a small reversal for Korean components and English letters: Korean components had 
smaller complexity compared to English letters but had slightly poorer recognition 
performance. This reversal may be caused by the higher similarity between Korean 
components, which we will further discuss in Appendix 2. 
Despite this small reversal, there was a high negative correlation between 
perimetric complexity and the average accuracy in both the pre-test (r=-0.96) and the 
post-test (r=-0.97). The slopes for the linear regressions were -9.6×10-4 in the pre-test 
and -8.3×10-4 in the post-test, which means that when perimetric complexity increases by 
100, average recognition accuracy will decrease by 9.6% in the pre-test and 8.3% in the 
post-test. This indicates that pattern complexity has a negative impact on recognition 
performance, but training can reduce this impact. 
Enlargement	of	Visual	Span	
Next we return to Figure 2-3 and compare the visual span profiles in the pre- and 
post-tests to examine the training effect. After training, the visual spans for Korean 
characters, Korean trigrams, and English trigrams all enlarged, with their profiles moving 
up and becoming broader. For English letters and Korean components, their visual spans 
remained unchanged due to a ceiling effect.  
A repeated ANOVA of symbol type (English letters / English trigrams / Korean 
components / Korean characters / Korean trigrams)  ×	session	type (pre-test / post-test)	
was performed on the average recognition accuracy. We found a significant main effect 
of symbol type (F(4, 72) = 403.17, p<0.001) and a significant interaction between symbol 
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type and session type (F(4, 72) = 4.94, p=0.0014): In general, the average accuracy was 
the highest for English letters (98.4% and 99.2% in the pre- and post-tests), followed by 
Korean components (95.7% and 97.2%), Korean characters (74.2% and 82.4%), English 
trigrams (73.2% and 79.1%), and Korean trigrams (35.5% and 45.3%). Post-hoc 
comparisons showed that the size of visual span ranked as: English letter = Korean letter > 
Korean character = English trigram > Korean trigram (“>” signs mean “significantly 
larger than”, and all of the adjusted p<0.001). This rank held true for both the pre- and 
post-tests. An analysis of the interaction effect showed that after training, visual span 
only enlarged for Korean single characters (average accuracy +8.2%, adjusted p<0.001), 
Korean trigrams (+9.7%, adjusted p<0.001) and English trigrams (+5.9%, adjusted 
p=0.0025), but not for Korean components or English letters. Our training thus 
successfully enlarged the visual span for the trained symbols, and the training effect also 
transferred to the untrained English trigrams. 
The	Reduction	of	Crowding	
We used a two-stage model (see Methods) to estimate the reliability of the two 
stages, R1 and R2, for three types of symbols: Korean components, Korean characters, 
and English letters. The method of calculation and the results are summarized in Table 2-
1. R1 was equal to the corrected-for-guessing recognition accuracy when these symbols 
were in isolation, and it reflected the “acuity effect”. In the pre- and post-tests, R1, 
K_component = 95.5% and 97.1%, R1, K_character = 74.1% and 82.3%, and R1, E = 98.3% and 
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99.2%, respectively. In this section we will focus on R2 (which reflects the influence of 
crowding) and its change after training. 
 
	 	 Pre-test Post-test 
Korean	component	
R1,	K_component	=	Isolated-component	accuracy	(corrected	for	guessing)	 95.5%	±	1.0%	 97.1%	±	1.0%	R1,	K_component	×R2,	K_component	=	Component	accuracy	within	isolated	characters	(corrected	for	guessing)	 88.8%	±	1.2%	 92.9%	±	0.6%	R2,	K_component	 93.2%	±	1.4%	 96.0%	±	0.8%	
Korean	character	
R1,	K_character	=	Isolated-character	accuracy	(corrected	for	guessing)	 74.1%	±	2.3%	 82.3%	±	1.2%	R1,	K_character	×R2,	K_character	=	Character	accuracy	within	trigrams	(corrected	for	guessing)	 35.3%	±	2.7%	 45.1%	±	2.4%	R2,	K_character	 46.6%	±	2.4%	 53.9%	±	2.3%	
English	letter	
R1,	E	=	Isolated-letter	accuracy	(corrected	for	guessing)	 98.3%	±	0.3%	 99.2%	±	0.3%	R1,	E	×R2,	E	=	Letter	accuracy	within	trigrams	(corrected	for	guessing)	 72.1%	±	1.9%	 78.3%	±	2.3%	R2,	E	 73.3%	±	1.9%	 78.9%	±	2.3%		
Table 2-1. R1 and R2 calculations. 
 
Figure 2-5 shows R2 profiles for Korean components, Korean characters, and 
English letters in the pre- (open symbols, dashed lines) and post-tests (filled symbols, 
solid lines).  
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Figure 2-5A illustrates the effect of between-component crowding within 
individual Korean characters. R2, K_component was close to 1 in both the pre-test (mean value 
93.2%) and the post-test (mean value 96%). This indicates that between-component 
crowding was small overall, and a small reduction of within-character crowding occurred 
after training.  
 
 
Figure 2-5. Profiles of R2 reliability in pre- and post-tests.  
A. Profiles for R2, K_component, reflecting the effect of between-component, within-character crowding on 
Korean components. B. Profiles for R2, K_character, reflecting the effect of between-character crowding on 
Korean characters. C. Profiles for R2, E, reflecting the effect of between-letter crowding on English letters. 
Small panels on the bottom show individual curves. Dashed lines and open symbols, pre-test; solid lines 
and filled symbols, post-test; error bars: ±1 SEM. 
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Figure 2-5B illustrates the effect of between-character crowding on recognizing 
Korean characters. R2, K_character was the highest on the midline and declined rapidly as the 
letter position moved farther away from midline, indicating more severe crowding. In the 
pre-test, R2, K_character ranged from 35.5% to 59.3%, with a mean of 46.6%. In the post-test, 
it increased notably across almost all letter positions, ranging from 42.7% to 62.8% with 
a mean of 53.9%. This shows that between-character crowding also reduced as a result of 
training, and this reduction of between-character crowding appeared to be larger than the 
reduction of within-character crowding. 
Figure 2-5C shows changes of R2, E, which reflects the effect of between-letter 
crowding on recognizing English letters. The profiles exhibit a very similar shape as the 
profiles for Korean characters in panel B, but with larger R2 values: In the pre-test, R2, E 
ranged from 63.6% to 82.1%, with a mean of 73.3%. In the post-test, it increased notably 
across almost all letter positions, ranging from 66.3% to 87.6% with a mean of 78.9%.  
A two-factor repeated-measures ANOVA was performed on the average R2 
values across letter positions, with two within-subject factors being symbol type (Korean 
components / Korean characters / English letters) and session type (pre-test / post-test). 
No significant interaction was found, so we removed the term from the model. In the 
updated model, we found significant main effects of both symbol type (F(2, 42) = 475.27, 
p<0.001) and session type (F(1, 42) = 19.68, p < 0.001). Further post-hoc comparisons 
showed that the R2, K_component > R2, E > R2, K_character, all of the adjusted p<0.001. This 
indicates that crowding is the least severe between Korean components within a character, 
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more severe between English letters within a trigram, and most severe between Korean 
characters within a trigram. After training, R2 increased for all types of symbols (+2.8% 
for Korean components, +5.6% for English letters, and +7.3% for Korean characters). 
Despite the numerical differences in the improvement, the lack of an interaction between 
symbol type and session type indicates that training reduced crowding for all the symbols 
similarly, suggesting a successful transfer of training benefit from Korean to English. 
Connecting	Two	Models	of	Korean	Recognition	
So far, we have built two separate models for Korean recognition but only one 
model for English, which makes it hard to compare Korean and English recognition 
directly. Is it possible to connect the two models for Korean recognition? We will focus 
our discussion on the data in the pre-test, but the same rules also apply to data in the post-
test.  
For both English and Korean, words are made up of characters and reading suffers 
from between-character crowding. But for Korean, characters are made of components, 
which means that Korean reading also suffers from within-character crowding. In the 
following discussion we try to unite the influence of between-character and within-
character crowding in one model. We chose to treat the recognition of Korean 
components as the first stage in our united model, because English letters and Korean 
components had approximately the same pattern complexity and similar recognition 
accuracy when they are isolated, which provides a good baseline for comparing the two 
scripts. 
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First consider recognition of isolated Korean characters. Because of between-
component crowding, the reliability of recognizing each component was reduced from R1, 
K_component = 95.5% to R1, K_component ×	R2, K_component = 88.8%. Remember that there are two 
or three components within a character. Assuming that the components are otherwise 
recognized independently, the average reliability for isolated Korean character 
recognition would be (R1, K_component ×	R2, K_component)2 = 78.8% for 2-component characters 
and (R1, K_component ×	R2, K_component)3 = 70.0% for 3-component characters. These values 
were very close to the observed values of 79.5% and 69.9%, suggesting that our 
assumption of independent component-recognition is reasonable.  
Next, consider identifying a Korean character within a trigram. For the same 
components, there is now an additional influence of between-character crowding. How 
would component recognition be influenced by this between-character crowding? We 
have quantified the magnitude of between-character crowding at the character level using 
the value of R2, K_character (46.6%). For example, character recognition accuracy would be 
reduced from 0.7 when isolated to 0.7 ×	0.466 = 0.326 when crowded. But R2, K_character 
was not informative regarding the impact of between-character crowding at the 
component level. That is, if the recognition accuracy of a component in an isolated 
character was 0.7, we do not know what would the recognition accuracy be for a 
component in a trigram.  
Can we use the between-character crowding for English letters, reflected by R2, E, 
to estimate the effect of between-character crowding on Korean components? Since 
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English letters and Korean components have similar complexity, it is possible that the 
same between-character crowding factor applies to both English letters and Korean 
components. If this assumption is true, a Korean component in a trigram would have 
reliability of recognition of R1, K_component ×	R2, K_component ×	R2, E, where R2, K_component 
represents the influence of within-character crowding and R2, E represents the 
hypothesized between-character crowding at the component level. Given that there are 
40.9% two-component characters, we can compute the weighted average for the 
recognition of two-component and three-component characters to estimate the average 
probability of recognition for a Korean character in a trigram. Using the reliability values 
from Table 2-1, this weighted average is 0.409 × (R1, K_component ×	R2, K_component ×	R2, E)2 + 
0.591 × (R1, K_component ×	R2, K_component ×	R2, E)3 = 33.8%. This is very close to the observed 
value of 35.3%, which supports our assumption that English letters and Korean 
components are limited by the same between-character crowding. 
Together, our above analysis united the within- and between-character crowding 
in Korean recognition. Due to within-character crowding, Korean characters are harder to 
recognize than English letters. Most importantly, between-character crowding had the 
same effect on Korean components and English letters, likely because they have similar 
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Discussion 
In the current study, we sought to test whether similar constraints limit the size of 
Korean and English visual spans, and whether training-related enlargement of the visual 
span transfers to untrained symbols. Our first finding is that the size of the visual span is 
determined by the complexity of the pattern. Below we will discuss how complexity 
impacts isolated and crowded pattern recognition respectively. Another related 
influencing factor of pattern recognition is similarity of the symbols within a set, which 
we will discuss in Appendix 2. 
Pattern	Complexity	Influences	Visual	Span		
Increased pattern complexity was associated with poorer recognition. For isolated 
symbols, complexity level ranked as English letter = Korean component < Korean 
character, and the averaged visual-span accuracy ranked in the opposite order, i.e. Korean 
character < Korean component = English letter. Korean characters are made up of 
multiple components. Compared to isolated Korean components, multiple components in 
Korean characters increased pattern complexity and introduced extra within-character 
crowding, which reduced the size of the visual span. This is consistent with the findings 
that patterns with higher complexity have higher acuity thresholds (Watson & Ahumada, 
2012; J.-Y. Y. Zhang, Zhang, Xue, Liu, & Yu, 2007). Presumably, in more complex 
patterns the features crowd each other, so that larger between-feature spacing (therefore 
larger character size) is needed to escape between-feature crowding.  
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For crowded symbols (English and Korean trigrams), the sizes of their visual 
spans were smaller than isolated symbols due to between-symbol crowding. Judging from 
the values of R2_K, character and R2_E, it seems that more complex symbols (Korean 
characters) have a smaller second-stage reliability and are more influenced by between-
symbol crowding. Other studies have also found that more complex patterns are 
susceptible to more severe crowding (Bernard & Chung, 2011; Wang et al., 2014; J.-Y. 
Zhang, Zhang, Xue, Liu, & Yu, 2009). But according to our analysis in the section 
“Connecting Two Models of Korean Recognition”, Korean components and English 
letters suffer similar levels of between-character crowding. Therefore, Korean characters 
appear to suffer more between-character crowding than English letters only because the 
effect of crowding is accumulated from all the components.  
Our findings here suggest that complexity has a major role of determining the size 
of the visual span. An increase in pattern complexity is associated with a reduction in the 
size of the visual span, primarily due to both increased within-symbol crowding and 
accumulated between-symbol crowding. Whether within- and between-symbol crowding 
has different neural origins remains to be investigated by future studies. 
Visual	Span	and	Its	Enlargement	
Our second finding is that training to read Korean characters enlarged the Korean 
visual span and also transferred to English visual span. As we previously discussed, the 
size of the visual span was directly related to physical properties of the stimuli such as 
pattern complexity, and independent of the language of the script. These findings provide 
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evidence that the visual span describes pre-symbolic sensory limits on recognition of 
scripts. 
What underlies the training-related enlargement? We rejected the hypothesis that 
subjects learned the exact templates of the trained samples, because in that case training 
benefits would not transfer to an untrained set of symbols. But the subjects may actually 
have learned templates of the features instead of the symbols. Pelli et al. (2006) adopted 
probability summation theory to quantify the number of features used by human 
observers in a pattern-recognition task. The theory assumes that features within a pattern 
have equal energy and are independently detected. A pattern is detected whenever any of 
its features is detected, but is identified only when all its features are detected. By 
comparing the contrast threshold for detection and identification, they were able to 
estimate the number of features within a pattern. The conclusion was that successful 
identification of a pattern (e.g. a letter/a character/a word) required identifying 72 
features, independent of pattern complexity.  
Pelli and colleagues did not specify the exact list of features, but it is possible that 
there are shared features between different sets of symbols. Using the “Bubbles” 
technique (Gosselin & Schyns, 2001), Fiset and colleagues empirically identified critical 
features for letter recognition(Fiset et al., 2008). They found that for human observers, 
line terminations were the most important features to identify both uppercase and 
lowercase letters. Line terminations are shared across English and Korean symbols and 
may also be important features for Korean recognition. Moreover, it has been shown that 
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perceptual templates can indeed be improved after training to have higher sampling 
efficiency and to better extract useful information for recognition in the presence of noise 
(Chung, Levi, & Tjan, 2005; Gold et al., 2004). If the subjects learned better templates of 
the most important features such as line terminations, which partly overlap across symbol 
sets, training benefits are likely to be transferred between scripts as demonstrated in the 
current study.  
Connecting	Visual	Span	with	Reading	
The visual span has been studied in the context of reading. For English reading, 
the visual span has been proposed to be a sensory bottleneck limiting reading speed 
(Legge et al., 2007). Is Korean reading similar to English reading, and thus the visual 
span hypothesis of reading also applies to Korean? We can look at how the size of the 
visual span and the reading speed for Korean and English depend on eccentricity 
respectively. For English, Legge and colleagues found that the size of the visual span 
decreased with eccentricity (Legge, Mansfield, & Chung, 2001), and that log-transformed 
reading speed had a high correlation with the size of the visual span when eccentricity 
changed (Legge et al., 2007). It seems that the size of visual span is affected by 
eccentricity and thereby limiting reading speed.  
Although we do not have data for Korean visual span in central vision, it is likely 
that the size of Korean visual span decreases with eccentricity in a similar manner as 
English visual span. If the visual span hypothesis holds true for Korean, we will expect 
that both Korean and English reading speed have similar dependency on eccentricity. 
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Chung and colleagues measured English reading speed at different retinal eccentricities 
using Rapid Serial Visual Presentation (RSVP) (Chung et al., 1998). They then used an 
E2 factor to describe how maximum reading speed changes with eccentricity, and found 
an E2 of 4.13° for the critical duration corresponding to maximum reading speed. This 
means that when eccentricity is 4.13°, reading speed drops to half its value in central 
vision. We performed the same analysis on Korean RSVP reading speed data (acquired 
from the authors of Baek et al., 2016) and obtained a very similar E2 factor of 4.32°. That 
is to say, reading speeds for Korean and English have similar dependency on eccentricity, 
despite the fact that Korean characters are more complex than English letters. This 
indicates that common visual properties are limiting reading performance for different 
languages, which is summarized by the visual span.   
Conclusion 
Our final conclusion is that the visual span describes a presymbolic constraint on 
pattern recognition, and its size is largely influenced by physical properties of the pattern 
such as perimetric complexity rather than high-level properties such as language. 
Training to recognize scripts for one language can enlarge its visual span and the 
improvement transfers to another language, possibly due to shared critical features 
between scripts. According to the visual span hypothesis for reading, the enlargement of 
visual span will likely be associated with an improved reading speed for both languages 
due to similar visual constraints on reading across languages.  
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Chapter 3. Linking Crowding, Visual Span, and Reading 
 
Introduction 
According to the visual span hypothesis, a sensory bottleneck on reading speed is 
the size of the visual span, which is the number of letters that can be recognized 
accurately without eye movements (Legge et al., 2007). By decomposing the errors made 
in visual span measurements, He et al. (2013) showed that visual crowding is the major 
factor limiting the size of the visual span.  More directly, Pelli et al. (2007) have provided 
evidence that the visual span refers to the characters that are not crowded, and reading 
speed is proportional to this uncrowded span. It thus appears that crowding limits reading 
speed by limiting the size of the visual span. 
If this linkage between visual span and reading speed is correct, reduced crowding 
should result in an enlarged visual span and improved reading speed. In support of this 
view, it has been found that perceptual training on a trigram letter-recognition task in 
peripheral vision (Fig. 3-1A) enlarged the visual span and improved reading speed, and 
the largest component of visual span enlargement was the reduction of crowding (He et 
al., 2013). But reduced crowding does not always lead to improved reading. For example, 
reducing crowding by increasing letter spacing beyond standard spacing slows reading 
down (Chung, 2002; Yu, Cheung, Legge, & Chung, 2007). This, however, does not 
necessarily argue against the claim that crowding is the major sensory limit on reading 
speed, because enlarged spacing also resulted in larger eccentricity and degraded word 
form. Moreover, in this example extra-wide letter spacing resulted in both a shrinkage of 
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the visual span and a decrease in reading speed (Yu et al., 2007), confirming the link 
between visual span and reading. 
 
 
Figure 3-1. Diagrams of measurements.  
 
But a further dissociation between crowding and reading was found by Chung 
(2007).  She found that after six days of training in identifying crowded letters in 
peripheral vision (hereafter referred to as “uncrowd training”), the spatial extent of 
crowding (defined as the smallest target-to-flanker spacing yielding 50% recognition 
accuracy of the target letter) was reduced by 38%, but maximum reading speed barely 
changed. In a follow-up study, Chung & Truong (2013) showed that a similar training 
task could both reduce the spatial extent of crowding and enlarge the size of the visual 
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span. These results seem to argue against the proposed linkage between visual span, 
crowding and reading speed.  
Here, we examined two properties of the stimuli used in letter-recognition training 
that may influence the transfer to reading—the spatial distribution of training stimuli and 
the presence of flankers. 
The first property is the spatial distribution of training stimuli. In a typical trial of 
trigram visual span measurement (Fig. 3-1A), a trigram appears briefly at a certain 
vertical eccentricity (say, 10° in the lower field) but an unpredictable horizontal 
eccentricity. After the trigram disappears, the subject reports the identity of the three 
letters in order. From trial to trial, the horizontal location of the trigram varies, 
resembling different letter positions in a word relative to fixation. In a trial of “uncrowd” 
training as in Chung (2007), the procedure is similar, but the trigram is always centered 
right below fixation. The trigram has narrower-than-standard letter spacing (0.8× x-
width), and only the center (target) letter needs to be reported. As a result, attention is 
directed to one specific letter position below fixation, and flanking letters can be ignored. 
For English reading, distributed attention to multiple letters of a word may be more 
advantageous than focused attention and letter-by-letter processing. In the extreme case 
of letter-by-letter reading in pure alexia, readers have normal thresholds to recognize 
single letters but cannot encode several separate visual features simultaneously, resulting 
in abnormally small attentional span and severely impaired reading (for a review, see 
Dehaene & Cohen, 2011). Training on a task with focused attention to a single letter 
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located at a fixed location is dissimilar to normal reading. Therefore, spatially localized 
training may limit the transfer of training benefits to reading compared to training on 
stimuli distributed at different spatial locations, similar to letters in a line of text. Chung’s 
(2007) “uncrowd” training may still have the potential to improve reading, but limited by 
its restricted training location. Our prediction is that when the uncrowd training is 
spatially distributed across locations, reading speed will show a greater improvement than 
when training occurs at a single spatial location.  
A second property, pertinent to training peripheral vision to read, is whether 
crowding is present or not. That is, whether training trials use isolated letters or letters 
flanked by other letters. Excessive crowding is often associated with slow reading, not 
only in peripheral vision for normally-sighted subjects (as we discussed before), but also 
in central vision for people with amblyopia (Levi, Song, & Pelli, 2007) or dyslexia 
(Callens, Whitney, Tops, & Brysbaert, 2013; Martelli, Di Filippo, Spinelli, & Zoccolotti, 
2009; Moll & Jones, 2013; but see Doron, Manassi, Herzog, & Ahissar, 2015;). Given the 
association between crowding and reading speed, training without crowded stimuli may 
fail to reduce the effect of crowding and thus cannot improve reading. But if learning to 
identify unflanked letters can reduce crowding, reading speed should improve despite the 
fact that isolated letters only rarely occur in real-life text. 
To study these two factors and their influence on training effects, we designed 3 
training paradigms for letter recognition (Fig. 3-2): One paradigm is a replication of 
Chung (2007) where target letters are localized at 10 degrees directly below fixation, with 
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two narrowly-arranged flankers on each side (Flanked-Localized Group). In the second 
paradigm, target letters were located at 10 degrees vertically below fixation but 
distributed across different horizontal locations, also with two narrowly-arranged flankers 
on each side (Flanked-Distributed Group). The third paradigm had isolated, spatially 
distributed target letters (Isolated-Distributed). By evaluating the training effects on 
crowding, visual span, and reading speed, our goal is to investigate the necessary and 
sufficient conditions for transfer of training from letter recognition to the size of the 
visual span and reading speed.  
 
 
Figure 3-2. Experimental design. 
 
Methods   
Participants	
12 male and 15 female college students were recruited from the University of 
Minnesota and randomly assigned to 3 groups (described later). Participants all had 
normal or corrected-to-normal vision, and their binocular acuity (Lighthouse Near Acuity 
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Chart, Lighthouse Low Vision Products, Long Island City, NY) and reading performance 
(MNREAD, Precision Vision, La Salle, IL) were tested before the experiment. Subject 
information is summarized in Table 3-1. The protocol was approved by the Institutional 
Review Board and was in compliance with the Declaration of Helsinki. All subjects gave 

















Local 5:4 21.4 ± .7 -.07 ± .01 -.39 ± .03 .06 ± .05 221 ± 6 
Flanked-
Distributed 3:6 22.7 ± 1.0 -.08 ± .01 -.4 ± .03 -.07 ± .04 234 ± 9 
Isolated-
Distributed 4:5 21.3 ± .7 -.08 ± .01 -.4 ± .02 -.02 ± .03 213 ± 6 
All groups 12:15 21.8 ± .4 -.08 ± .004 -.4 ± .02 .04 ± .02 223 ± 4 
Table 3-1. Subject groups’ information in Chapter 3 (mean ± SEM). 
Reading speed – print size curves from MNREAD measurements were fitted on a log-log scale with the 
following function using non-linear least squares fitting to determine maximum reading speed and critical 
print size:  !" = MRS × (1 − !!!!"#(!!!!"#)) 
RS, reading speed; MRS, maximum reading speed; lrc, parameter describing the elbow of the curve; x, print 
size; xint, reading acuity. Critical print size was the print size where reading speed reaches 85% of the 
maximum reading speed.  
 
Stimuli	and	Apparatus	
The stimuli consisted of black lowercase letters on a white background 
(background luminance 90 cd/m2; Weber contrast = 99%), except for the training task of 
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the Isolated-Distributed Group where stimuli were gray lowercase letters on a white 
background (Weber contrast ranges from 7% to 14%). All stimuli were viewed 
binocularly from 40 cm in a dark room. The letters were rendered in Courier font. Letter 
spacing in the reading task and visual span measurement was 1.16× x-width (standard 
spacing) but varied from 0.8× to 2× x-width in the crowding measurement.  
The stimuli were generated and presented using MATLAB R2014b with 
Psychophysics Toolbox 3 (Brainard, 1997; Pelli, 1997).  We used a NEC MultiSync CRT 
monitor (model FP2141SB-BK, NEC, Tokyo, Japan; refresh rate = 100 Hz; spatial 
resolution = 0.04°/pixel) controlled by a Mac Pro Quad-Core computer (model A1186, 
Apple Inc., Cupertino, CA). Viewing distance was maintained using a chin rest and 
subject’s fixation was monitored using a webcam. 
Experimental	Design	
The tasks we used are illustrated in Figure 3-1, and the procedure is explained in 
Figure 3-2. Our experiment consisted of 3 parts (Fig. 3-2): pre-test (2 days), training (6 
days), and post-test (2 days). For 18 of the 27 subjects, the experiment took place on 10 
consecutive days, whereas for the other subjects scheduling arrangements meant that the 
experiment spanned 11 (4 subjects), 12 (4 subjects) or 15 (1 subject) days. Since the 
effectiveness of visual perceptual learning on identifying crowded letters and enlarging 
the visual span is similar for daily, weekly and biweekly training (Chung & Truong, 
2013), the variations in scheduling should have minimal effect in our design. 
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In the pre- and post-tests, subjects’ reading speed, visual span, and spatial extent of 
crowding were measured. Reading speed was measured on the first and last days. Each 
individual’s critical print size (CPS) for reading was determined after the pre-test (see 
section “Reading Measurement” below), and a print size of 1.4×CPS was used for 
subsequent visual span measurement, crowding measurement, and training.  
Visual span profiles were measured on Day 2 and Day 9, using both single letters 
and trigrams (three adjacent letters; see section “Visual Span Measurement”), with some 
exception for the Flanked-Local Group: Since the measurement of single letters was 
added later in the data collection process, 5 subjects in this group had no data on single-
letter visual span, 3 subjects had the post-test data only, and only 1 subject had both the 
pre- and post-test data.  
The measurement of crowding only took 10 minutes, and therefore we performed 
the measurement immediately before the first training block on Day 3 and after the last 
training block on Day 8, similar to Chung (2007).  
Training consisted of 6 days of identifying letters, approximately 1 hour/day.  We 
used three training paradigms to separate the effect of 1) the spatial distribution of 
training stimuli, and 2) the presence of flankers (Fig. 3-2; details see section “Training”).  
Reading	Measurement	
Reading speed was measured using Rapid Serial Visual Presentation (RSVP, 
Forster, 1970; Rubin & Turano, 1992). For each RSVP trial, a sentence was randomly 
chosen from a pool of 847 sentences for testing. A subject never saw the same sentence 
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twice. The average sentence length was 11 words, ranging from 7 to 15 words. The word 
length averaged 4 letters, ranging from 1 to 12 letters. In an RSVP trial, a sentence was 
randomly chosen and presented word-by-word, with the sentence preceded and followed 
by masks of “xxxxxxxxxx” (Fig. 3-1D). Subjects were asked to fixate on a line without 
making vertical eye-movements, but horizontal eye-movements along the line were 
permitted. Words were presented 10° below the fixation line and were left-aligned with 
the left edge of the fixation line. Subjects read the sentences out loud and the 
experimenter recorded the number of correctly-read words.  
In each block of 18 trials, 6 different word exposure durations were tested in a 
random order (3 times each). Depending on individual performance during practice, 1 of 
3 duration sets could be chosen for a given block: {30, 53, 93, 164, 290, and 511ms}, {53, 
93, 164, 290, 511, and 1000ms}, or {93, 164, 290, 511, 1000, and 2000ms}. The choice 
of set maximally ensures 1) greater than 80% word recognition accuracy for the longest 
duration in the set, 2) close to chance-level word recognition performance for the shortest 
duration in the set, and 3) good eye fixation for all durations (fixation becomes poorer as 
duration becomes longer). The resulting accuracy–duration curve was then fitted with a 
psychometric function, and the subject’s reading speed (measured in words per minute, 
wpm) was calculated using the exposure duration yielding 80% accuracy of word 
recognition. 
Reading speed was measured in this way for 6 different print sizes: 0.56°, 0.79°, 
1.12°, 1.59°, 2.26°, and 3.2° in x-height. In the pre-test, these 6 print sizes were tested in 
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a random order, one print size in a block, for the first 6 blocks, and then tested in the 
reverse order for another 6 blocks. The post-test followed the same order as in the pre-test. 
The resulting reading speed–print size curve was then fitted with a two-limb function on 
a log-log scale (Fig. 3-1E) to extract the subject’s maximum reading speed (MRS) and 
critical print size (CPS). The slope of the two limbs were constrained to 2.32 and 0 
(following Chung, 2007). This curve represents that reading speed remains constant at the 
maximum reading speed for larger print sizes, but starts to decrease when print size 
becomes smaller than the critical print size. After extracting the subject’s pre-test CPS, a 
print size of 1.4×CPS was used for subsequent visual span measurement, crowding 
measurement, and training. 
Visual	Span	Measurement	
In order to measure the size of the visual span, we performed a letter-recognition 
task, as described in He et al. (2013). Figure 3-1A illustrates the basic procedure of a trial: 
A subject fixated on a dot and clicked the mouse to initiate a trial. Stimuli were 
randomly-chosen lowercase letters, either in isolation or arranged as triplets (trigrams, 
placed in 3 adjacent slots). Letter(s) appeared for 100ms in the lower visual field for the 
subject to identify. For a letter in a trigram to be correct, both its identity and location 
needed to be correct.  
Letters were presented in pre-defined slots, as shown in Figure 3-1B. The slots 
were horizontally arranged on an imaginary line at 10° in the lower visual field. The slot 
on the fixation midline was labeled 0, and left and right ones were labeled with negative 
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and positive numbers respectively. The center-to-center spacing between adjacent slots 
was 1.16× x-width, corresponding to standard spacing in the Courier font. Since each 
individual used a different print size determined by their critical print size for reading, the 
actual horizontal eccentricity of the slots varied across subjects. We analyzed the data in 
the “letter position” space instead of the “visual degree” space, because once print size 
exceeds the critical print size for reading, the size of the visual span (in terms of number 
of recognizable letters) remains constant within a reasonable range of print sizes (Legge 
et al., 2007). By using the “letter position” space, we were able to compare results 
between different subjects.  
In each block of trials, letters or trigrams were centered 10 times on each slot 
from -6 to 6, including 0 (the midline). This means that a total of 130 letters were 
presented during a single-letter block, or 390 letters during a trigram block. In a trigram 
test, since slots ±6 and ±7 had fewer letters than the other slots, only data from slots -5 to 
5 were used in further analyses.  
To get the visual span profile, letter-recognition accuracy was plotted against 
letter positions (Fig. 3-1C). We converted letter-recognition accuracy to information 
transmitted in bits using the formula  
Information transmitted in bits = -0.036996 + 4.6761×letter recognition accuracy, 
where chance level performance (about 3.8% correct) corresponds to 0 bits of 
information and 100% accuracy corresponds to about 4.7 bits. The number of bits was 
added for slots -5 to 5 to estimate the size of the visual span (Fig. 3-1C). 
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Crowding	Measurement	
The crowding task measured the spatial extent of crowding. Following Chung 
(2007), the spatial extent was defined as the letter separation (in multiples of x-width) 
yielding 50% recognition accuracy of the target letter, corrected for guessing. In one trial 
(Fig. 3-1F), a target letter appeared briefly (150ms) on the screen, either in isolation or 
with two flanking letters on its left and right sides. The target letter was always placed at 
10° in the lower visual field right below the fixation point. The center-to-center spacing 
between the target and its flanking letters could be 0.8×, 1×, 1.25×, 1.6×, 2× x-width (Fig. 
3-1F). Subjects needed to report the target letter and ignore the flankers. 
The 5 conditions with different target-flanker spacing and 1 no-flanker condition 
were tested in a random order, each in a 20-trial block.  The post-test followed the same 
spacing order as the pre-test. The resulting accuracy–spacing curve was then fitted with a 
psychometric function to determine the spatial extent of crowding. The reduction of 
crowding after training was quantified as the percent change in the spatial extent of 
crowding. For instance, if the spatial extent was 1.5× x-width in the pre-test and 1× in the 
post-test, then the reduction was (1.5 - 1)/1.5 = 33%. 
Training	
The training task was to identify target letters, either flanked on both sides by 
letters or in isolation, at 10° in the lower visual field (Fig. 3-2). One group was trained 
with crowded, localized letters (Flanked-Local Group): Target letters always appeared in 
slot 0 with two flanking letters, and the center-to-center spacing was always 0.8× x-width. 
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One group was trained with crowded, distributed letters (Flanked-Distributed Group): 
Target letters could appear in any slot from -6 to 6 (defined in the same way as in Figure 
3-1B), with two flanking letters at a separation of 0.8× x-width. A third group was trained 
with isolated, distributed letters (Isolated-Distributed Group): Target letters could appear 
in any slot from -6 to 6, with no flanking letters, but with reduced contrast and shorter 
exposure duration to increase task difficulty. Contrast level and the length of exposure 
duration were chosen for each individual prior to training to achieve roughly 50%-70% 
correct during practice, so that the task was below ceiling and well above chance.  
Each daily training session had 10 blocks. For the Flanked-Local Group, each 
block had 100 trials. For the Flanked-Distributed and Isolated-Distributed Groups, each 
block had 104 trials, in which the target letter fell in each one of the 13 slots 8 times. 
Data	Analysis	
When comparing training effects between groups, if not otherwise specified, we 
performed 3×2 mixed-design ANOVAs, with group (Flanked-Local / Flanked-
Distributed / Isolated-Distributed) as the between-subject factor and session type (pre-
/post-test) as the within-subject factor. If a significant interaction was found, we further 
analyzed the interaction using R with the package phia (Post-Hoc Interaction Analysis; 
Martínez, 2013). The reported p-values were adjusted for multiple comparisons.  
For maximum reading speed, critical print size, and spatial extent of crowding, 
ANOVA analyses were performed using log-transformed data, because the original curve 
fittings were performed on a log-scale. When we report group-averaged data in the pre- 
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and post-tests, we will transform the values back into their original units for easier 
understanding. For example, “maximum	reading	speed	improved	from	183	to	235	wpm”	was	converted	from	“averaged	log-wpm	changed	from	2.26	to	2.37”.	However,	when	we	report	the	amount	of	improvement	(such	as	in	Table	3-2),	the	computation	was	done	in	the	original	unit	(say,	wpm)	without	log-transformation,	because	the	changes	in	log-units	are	less	intuitive	to	interpret.	Take	the	example	of	“average	improvement	in	maximum	reading	speed	was	30.3%”.	We	first	compute	the	percent	improvement	in	wpm	for	each	subject,	and	then	average	the	percent	change	across	subjects	to	get	the	value	of	30.3%.			
Results 
Our main results are summarized in Figure 3-3 and Table 3-2. Left panels of 
Figure 3-3 show averaged group data with curves fitted to the average values. These 
curves are for demonstrative purposes only; data analyses were based on fitted values for 
individual subjects instead of the group-level curves. Right panels show interaction plots 
for the ANOVAs we performed, and the error bars indicate 1 SEM for within-subject 
ANOVAs (Cousineau, 2005). The error bars can be used as a visual guide for within-
group comparisons (between the pre- and post-tests), but not appropriate for between-
group comparisons. 
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Figure 3-3. Summary of results. 
Left panels: group curves fitted on averaged data. Open circles and dashed lines: pre-test; filled circles and 
solid lines: post-test. Right panels: Interaction plots showing group averages before and after training. 
Green solid lines: Flanked-Local Group; blue dashed lines: Flanked-Distributed Group; orange dotted lines: 
Isolated-Distributed Group. Error bars indicate 1 SEM for within-subject ANOVAs (Cousineau, 2005). 
Top row: Crowding results. Left: crowding curves. Dotted gray lines indicate 52% recognition accuracy 
(i.e. 50% accuracy after correction for guessing), which is the criterion used to determine the spatial extent 
of crowding. Right: Interaction plots of the spatial extent of crowding (log of multiples of x-width). Middle 
row: Visual span results. Left: visual-span profiles for single letters (gray) and trigrams (black). Right: 
Interaction plots of visual span sizes (bits) for single letters and trigrams. Bottom row: Reading speed 
results. Left: reading curves. Dotted vertical lines indicate the positions of fitted critical print sizes before 
and after training. Right: Interaction plots of maximum reading speed (MRS, log-wpm) and critical print 
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	 Flanked-Local	 Flanked-Distributed	 Isolated-Distributed	Spatial	Extent	of	Crowding	(multiples	of	x-width)	 ! 	25.4%	 	3.9%	 ! 	11%	 	5.3%	 ↓ 7.2%		3.5%	Size	of	Trigram		Visual	Span	(bits)	 " 	4.9	 	0.6	 " 	4.7	 	0.7	 " 	3.0	 	0.8	
Reading	Performance	
MRS	(wpm)	 ↑ 9.2%		5.0%	 " 	30.3%	 	7.8%	 " 	29.9%	 	7.4%	
CPS	(°)	 ! 	13.5%	 	3.5%	 ! 	10.2%	 	5.9%	 ! 	13.4%	 	5.3%	
Table 3-2. Average of changes after training (mean   SEM).  
Up- and down-pointing arrows indicate the direction of change (increase or decrease). Significant changes 
are marked bold and in color (red for increases and green for decreases), as indicated by ANOVA or 
interaction analyses (see text). MRS, maximum reading speed. CPS, critical print size.  
 
In the following sections, we will first discuss the training effects on the spatial 
extent of crowding, visual span, and reading separately, and then put them together in a 
common framework in order to understand the nature of their associations. 
Reduction	of	the	Spatial	Extent	of	Crowding	
The top rows in Figure 3-3 and Table 3-2 summarize the results for crowding 
measurements. The crowding curve (accuracy against letter-spacing) for the Flanked-
Local Group shifted leftward after training, indicating improved recognition accuracy at 
smaller letter separations. The Flanked-Distributed Group also showed some 
improvement, although to a lesser extent. No large improvement was apparent from the 
crowding curves of the Isolated-Distributed Group. 
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We then derived the spatial extent of crowding (letter separation yielding 50% 
recognition accuracy, corrected for guessing) for each subject, and performed an 
ANOVA to examine the effect of training (see interaction plot). We found a significant 
main effect of session type (F(1, 24)=33.25, p<0.001), as well as a significant interaction 
(F(2, 24)=4.98, p=0.02). Analysis of interaction showed that only the two Flanked groups 
had statistically significant reduction of crowding after training (Flanked-Local: spatial 
extent of crowding decreased from 0.82 to 0.60 times x-width, mean reduction 25.4%, 
p<0.001, adjusted	for	multiple	comparisons; Flanked-Distributed: from 0.69 to 0.61 
times x-width, average reduction 11%, adjusted p=0.03), but not the Isolated-Distributed 
Group (from 0.78 to 0.72 times x-width, average reduction 7.2%, adjusted p=0.13). The 
reduction for the Flanked-Local Group was significantly larger than that for the Flanked-
Distributed Group (adjusted p=0.04) and the Isolated-Distributed Group (adjusted 
p=0.008). No difference was found between the two Distributed groups (adjusted p=0.50). One	concern	is	that	the	pre-test	performance	of	the	Flanked-Distributed	Group	was	poorer	than	the	other	two	groups,	which	may	leave	more	room	for	improvement.	We	therefore	performed	a	linear	regression	between	the	reduction	of	crowding	(difference	in	spatial	extent,	log	unit)	and	the	pre-test	crowding	level.	The	regression	line	had	a	negative	slope	of	-0.47	that	was	significantly	different	from	zero	(p=0.009),	i.e.	larger	reduction	was	associated	with	poorer	pre-test	level.	This	indicates	that	in	the	previous	analysis	we	had	underestimated	the	reduction	of	crowding	in	the	Flanked-Distributed Group,	because	it	had	a	better	starting	level	than	
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the	other	two	groups.	A	new	between-group	ANOVA	was	performed	on	the	reduction	of	crowding,	using	the	pre-test	level	as	a	covariate.	After	accounting	for	the	pre-test	level,	there	was	still	a	main	effect	of	group	(F(2,	23)=4.62,	p=0.02).	A	post-hoc	analysis	showed	that	crowding	was	only	reduced	in	the	two	Flanked	groups	(adjusted	p<0.01)	but	not	in	the	Isolated	group	(p=0.14).	When	comparing	between	groups,	a	slightly	different	pattern	emerged:	When comparing the two Flanked groups, 
although the face value of the reduction of crowding was larger for the Flanked-Local 
group, the difference did not reach significance after pre-test level was taken into account 
(adjusted	p=0.28).	The	reduction	for	the	Flanked-Local Group	was	significantly	larger	than	for	the	Isolated-Distributed Group	(adjusted	p=0.007),	and	the	two	Distributed	groups	did	not	differ (adjusted p=0.28).  Taken	together,	our	analyses	suggested	that	the	Flanked-Local	training	was	the	most	effective	in	reducing	the	spatial	extent	of	crowding,	followed	by	the	Flanked-Distributed	training,	but	the	Isolated-Distributed	training	was	not	effective.		
Enlargement	of	the	Visual	Span	
The middle rows in Figure 3-3 and Table 3-2 summarize the results for visual 
span measurement. For single letter visual span profiles (gray lines and symbols), only a 
very small change was observed. For trigrams (black lines and symbols), all groups 
exhibited notable training-related enlargement, and the improvement appeared to be 
smaller for the Isolated-Distributed Group compared to the other two groups. 
   57 
 
We then performed ANOVAs on visual span sizes for single letters and trigrams 
respectively. For single letters, we only used the data from the Flanked-Distributed and 
Isolated-Distributed Groups, because in the Flanked-Local Group only 1 subject had both 
the pre- and post-test data in this condition. We found a significant main effect of group 
(F(1, 16)=6.88, p=0.019) and a marginal significant main effect of session type (F(1, 
16)=3.75, p=0.07), and a significant interaction between the two factors (F(1, 16)=5.38, 
p=0.034). An interaction analysis revealed that only the Isolated-Distributed Group had 
statistically significant improvement after training (from 49.2 to 50.8 bits, or averaged 
accuracy from 96.4% to 99.5%; adjusted p<0.001), and this improvement was 
significantly larger (p=0.02) than that for the Flanked-Distributed Group (from 50.1 to 
50.7 bits, or averaged accuracy from 98.3% to 99.4%). Nevertheless, the absolute value 
of the improvement was very small due to the ceiling effect, and thus may not reflect 
large changes in visual functions. 
An ANOVA on trigram data revealed a main effect of session type (F(1, 24)=48.7, 
p<0.001), indicating enlarged visual spans after training. No main effect of group or 
interaction was found. Although the groups were not significantly different, the absolute 
enlargement for the Isolated-Distributed Group (from 33.7 to 35.7, +3 bits, or averaged 
accuracy from 66.4% to 72.1%) was smaller than that for the other two groups (Flanked-
Local Group: from 33.8 to 38.7, +4.9 bits, or averaged accuracy from 66.4% to 76.0%; 
Flanked-Distributed Group: from 34.4 to 39.1, +4.7 bits, or averaged accuracy from 67.8% 
to 76.8%). This pattern is also apparent from the interaction plot in Figure 3-3.  




Reading performance is summarized in the bottom rows of Figure 3-3 and Table 
3-2. We will mainly focus on the change of maximum reading speed in the following 
discussion, and report the results on critical print size in Appendix 3. 
From the averaged reading curves in Figure 3-3, only the two Distributed groups 
had larger maximum reading speed after training. For the Flanked-Local Group, 
maximum reading speed remained almost unchanged. An analysis of individual fitted 
parameters confirmed the group-level pattern, as shown in the interaction plot. A 3×2	ANOVA	on	log-MRS	revealed	no	main	effect	but	a	marginally	significant	interaction	between	group	and	session	type	(F(2,	24)=3.15,	p=0.06).	Analysis	of	the	interaction	showed	that	only	the	two Distributed groups	showed	significant	improvement	after	training	(Flanked-Distributed:	from	183	to	235	wpm,	average	improvement	30.3%;	
Isolated-Distributed:	from	178	to	228	wpm,	average	improvement	29.9%;	both	of	




We used 3 different training paradigms where the training tasks differed in a 
systematic way, in order to test the influence of 1) spatial distribution of training stimuli, 
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and 2) the presence or absence of flanking letters. As observed in Table 3-2 and 
summarized from the above analyses, we found that: 
1) The spatial extent of crowding only decreased in the two Flanked groups but not 
in the Isolated group, and the reduction was larger in the Flanked-Local Group 
than the Flanked-Distributed Group. This suggests that crowded training stimuli 
are necessary in order to reduce the spatial extent of crowding. Moreover, when 
all crowded training stimuli are located at one single location, the training effect 
for that location is larger than when crowded stimuli are distributed across various 
spatial locations. This reflects some degree of retinotopic specificity in the 
improvement.  
2) The size of the trigram visual span improved for all three groups, and the 
enlargement was smaller for the Isolated group. This suggests that the visual span 
enlarges after practicing with letter recognition, no matter flanked or isolated, 
distributed or localized, although the use of flanked training stimuli may result in 
a larger improvement.  
3) Maximum reading speed improved in the two Distributed groups, and the Local 
group showed small changes similar to a no-training group. This suggests that the 
transfer of training to reading speed is limited when training stimuli have fixed 
spatial locations. For the conditions we have tested, training with distributed 
targets is both necessary and sufficient for such transfer to occur. Conversely, the 
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Our major finding is that spatially distributed training stimuli appear to be 
necessary and sufficient for the training benefit to transfer from letter recognition to 
increased reading speed. This result is consistent with previous findings where maximum 
reading speed improved with distributed training (41% improvement with trigram 
measurement training, Chung et al., 2004) but not with localized training (7.2% change 
with "uncrowd" training similar to our Flanked-Local Group, Chung, 2007). In the 
following paragraphs, we will discuss how spatially distributed training differs from 
localized training in its influence on reading. We will focus on two aspects: the 
retinotopic area that receives stimulation, and the deployment of attention during the task.  
Maximum reading speed is achieved with large character sizes exceeding the 
critical print size, as shown in Figure 3-1E. Retinotopically, localized training only has 
limited spatial overlap with the words in larger print sizes. Retinotopic exposure is 
important because the effect of perceptual learning is sometimes specific to the trained 
location. It is possible that in order to better process larger-sized text, the corresponding 
retinal area has to be stimulated. In localized training, stimuli are constrained to a very 
small horizontal span, possibly making it less advantageous for reading larger-sized text 
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compared to distributed training. However, insufficient retinotopic exposure cannot fully 
explain the lack of improvement, because letter-recognition training in the upper (or 
lower) hemi-field has been shown to improve reading speed in the untrained hemi-field 
(for example, Chung, Legge, & Cheung, 2004; He et al., 2013; Lee, Kwon, Legge, & 
Gefroh, 2010; Yu, Legge, Park, Gage, & Chung, 2010). This suggests a higher-level, 
non-retinotopic mechanism underlying the lack of improved maximum reading speed in 
the present study. 
A more probable explanation for the lack of benefit of localized training is the 
deployment of visual attention. Localized training may facilitate the deployment of 
attention to one specific, small area in the visual field. For instance, in a visual search 
task, if the target more frequently appears in a certain spatial area, attention will be biased 
towards that area (Geng & Behrmann, 2002). It only takes dozens of trials to learn such 
bias, but once learned, the bias is not easily unlearned and can last for at least a week 
(Jiang, Swallow, Rosenbaum, & Herzig, 2012). Similarly, during localized training such 
as for our Flanked-Local Group, subjects may have acquired a sustained bias of spatial 
attention towards the letter position right below fixation. When tested with a reading task 
in the post-test, such an attentional bias may have persisted, limiting the spread of 
attention to the letters of longer words and negating potential benefit from the training.  
Moreover, additional spatial bias of attention may have been introduced by the 
partial report method we used. In our training paradigm, since only one (middle) letter 
needed to be reported, attention to the flanking letters was likely diminished. This bias 
   63 
 
again is a disadvantage for reading where attention needs to be distributed to multiple 
letters simultaneously. Consistently, the improvement of reading in our study (about 30%) 
was smaller than in some similar studies where full-report trigram training resulted in 
40%-66% improvement in the visual field being trained (Chung et al., 2004; He et al., 
2013; Lee et al., 2010; Yu, Legge, et al., 2010).  
Impaired visual spatial attention has been associated with reading deficits in 
people with dyslexia. For example, Schneps and colleagues proposed that in dyslexic 
reading, the mismatch between sluggish attention and the rightward shift of gaze led to 
crowded perception and more regressive saccades and thereby slowed down reading 
(Schneps et al., 2013). Together with our results, these pieces of evidence indicate an 
important role of attention in reading. 
Crowding	
We found that the presence of crowding in training was not necessary for the 
enlargement of visual span or the improvement of reading speed. When training with 
isolated letters, the spatial extent of crowding did not change, whereas reading and visual 
span both improved. Given the association between crowding, visual span and reading 
outlined in the Introduction, this result seems surprising.  
But is it true that training with isolated letters did not reduce the impact of 
crowding? Maybe not. There is indeed evidence that in adults with amblyopia, training 
with isolated, near-acuity, reduced-contrast letters reduced the spatial extent of foveal 
crowding (Chung, Li, & Levi, 2012). Amblyopic vision share many similarities with 
   64 
 
normal peripheral vision, including the way they are influenced by crowding (for 
example, see a small review section in Levi et al., 2007). Therefore, training with isolated 
letters may have the potential to reduce the spatial extent of crowding in normal 
peripheral vision.  
The reason for the lack of reduced spatial extent after our training with isolated 
letters may be the letter size we used. A difference between our training paradigm and the 
one used by Chung et al. (2012) is that they used near-acuity letters whereas our letter 
size is well above the acuity limit. Smaller-sized letters contain more higher spatial-
frequency components compared to larger letters. Since human contrast sensitivity shifts 
towards higher-frequency when identifying crowded letters (Chung & Tjan, 2007), 
smaller-sized letters may be more beneficial for crowded letter-recognition. Therefore, 
training with near-acuity isolated letters can reduce the spatial extent of crowding 
whereas training with larger-sized letters may not yield statistically significant 
improvement, as observed in our study. However, the isolated-letter training in our study 
may still induce some latent improvement, which forms the foundation of enlarged visual 
span and improved reading speed.  
Linking	Crowding,	Visual	span,	and	Reading	
Now we return to the link between crowding, visual span, and reading.  
The link between crowding and visual span seems to break when training with 
distributed, isolated letters, where the spatial extent of crowding remained unchanged but 
visual span enlarged. As we previously discussed, in the case of the Isolated-Distributed 
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Group, training may have reduced the impact of crowding without inducing measurable 
changes in its spatial extent. Reduced impact of crowding, rather than reduced spatial 
extent of crowding, was necessary for the enlargement of visual span. The link between 
crowding and visual span still holds. 
The link between visual span and reading seems to break when training with 
localized, crowded letters, where visual span enlarged but maximum reading speed 
remained unchanged. We proposed that a disadvantageous attentional bias towards a 
small area limits the improvement in reading. During rapid sequential presentation of 
words, such a bias will likely direct attention to a very narrow region within the word, 
resulting in recognition of only a limited number of letters under time pressure. In 
contrast, during the measurement of visual span, no matter where the trigram appears, the 
abrupt and brief appearance of the trigram is a strong exogenous cue. This cue will 
automatically disengage attention from the previously prioritized location and reorient it 
to the location of the trigram. The low task demand (only three letters need to be reported 
rather than a sequence of words) and the unlimited response time further alleviate 
potential impact of the attentional bias. Therefore, the attentional bias slows down 
reading but only has minimal impact on visual span. Reading is still limited by the size of 
the visual span, but the spatial distribution of attention also needs to be taken into account. 
We conclude that the visual span represents a sensory bottleneck on reading, but 
there may also be an attentional bottleneck. Crowding limits reading via limiting the size 
of the visual span. Reducing the impact of crowding can enlarge the visual span and can 
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potentially facilitate reading, but not when adverse attentional bias is introduced. Our 
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Chapter 4. Training With A Game:  More Fun But Not More Improvement 
 
Introduction 
Age-related macular degeneration (AMD) is an important cause of vision loss in 
the United States, and affects approximately 6.5% of the US population aged 40 years 
and older (Klein et al., 2011). In advanced cases of AMD, the central visual field is 
impaired, often bilaterally. The impairment not only poses difficulties in a person’s daily 
life, but also impacts the person’s psychological well-being (Mitchell & Bradley, 2006). 
Reading, being one of the most important daily activities, requires the ability to 
distinguish fine details and to make appropriate saccadic eye movements along the lines 
of text. These two skills are highly challenging in peripheral vision, making reading 
extremely hard for some AMD patients, discouraging them from reading on a regular 
basis. This motivates the development of reading rehabilitation strategies for people with 
AMD. 
Compared to central vision, the slower reading speed in peripheral vision was 
hypothesized to result from a smaller size of the visual span, which refers to the number 
of text letters that can be reliably recognized during reading without eye movements 
(Legge et al., 2001). The size of the peripheral visual span can be measured by presenting 
triplets of letters (trigrams) at different horizontal locations in peripheral vision, for 
example 10° in the lower visual field (Fig. 3-1A).  The area under the resulting 
recognition accuracy-letter position profile is the size of the visual span (Fig. 3-1B). 
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Perceptual training tasks, usually reading letters or words displayed in peripheral vision, 
can increase the size of the peripheral visual span for normally-sighted young adults, 
accompanied by an improvement of at least 40% in reading speed(Chung et al., 2004; He 
et al., 2013; Lee et al., 2010; Yu, Legge, et al., 2010). Elder adults within the age range of 
the onset of AMD can also benefit from this type of training, achieving a 60% 
improvement in reading speed (Yu, Cheung, et al., 2010). Recently, similar training has 
also been applied to people with central-field loss and successfully improved their 
reading (Calabrèse et al., 2017; Chung, 2011; Nguyen et al., 2011).  
Although perceptual learning appears to be an effective training method in the 
laboratory, it still faces the problem of unsatisfactory compliance. The nature of 
perceptual learning is to repeat the same task intensively for a long time, which can 
discourage patients from continuing training. There are instances where subjects 
withdraw from the training due to boredom, as reported by e.g. Chen, Chen, Fu, Chien, & 
Lu, 2008 and noted in our lab’s subject database. In the domain of public health, non-
compliance is a widely-recognized problem for many long-term therapeutic procedures, 
such as physical exercise (Middleton, 2004), prescription of drug or supplement 
(Hubbard, Elia, Holdoway, & Stratton, 2012; Maningat, Gordon, & Breslow, 2013), or 
cognitive behavior therapy (Matthews, Arnedt, McCarthy, Cuddihy, & Aloia, 2013), even 
when the benefits from those treatments are known and well-established. Improving 
compliance is thus of great interest in order to maximize therapeutic effects and to 
minimize unnecessary healthcare costs.  
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Figure 4-1. Three tasks in the experiment.  
A. Letter-recognition task. A letter or a trigram (three adjacent letters) appeared briefly in the upper or 
lower visual field (shown here is a trigram in the lower visual field). The task is to identify the letters in 
order. B. Calculation of the size of the visual span. C. Word-puzzle game based on the trigram task (see 
Methods). For demonstration clarity, only a few items are shown here in the scorecard and the highscore 
board. In the real game the subjects saw a scoreboard with 10 items to be guessed, and all 29 categories in 
the highscore board. The letter recognition trial was the same as in the trigram task, but the fixation screen 
(a single green dot) and the post-trial screen (a single red dot) are omitted in this demonstration for clarity. 
D. RSVP reading task. A sentence was displayed word-by-word at 10° in the upper or lower visual field 
(shown here is lower visual field), preceded and followed by masks. The task was to read the sentence out 

















































1: -------- 3: ------
Trials left: 55
Total items correct: 0
4: ------2: -----
aic
1: ------a- 3: ------
Trials left: 54
Total items correct: 0
4: ------2: C----
ghi
1: -----hai 3: ------
Trials left: 53
Total items correct: 0
4: ------2: C---- 1: Shanghai 3: ------
Trials left: 53
Total items correct: 1
4: ------2: C---- 1 3: ------
Trials left: 53
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Empty scorecard at the beginning:
Items to be guessed in a chosen category.
(Example category: World Cities.)
Score update & 
highscore board at the end:
Motivation to improve.
Correctly identfied letters (h, i):
Clues for guessing & 
instant feedback.
Word Puzzle Game
Modified from TV show Wheel of Fortune
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Video-game training may help to address the problem of compliance in 
procedures involving perceptual learning. For normally sighted subjects, research has 
shown that video-game playing can not only elevate subjects’ interest in the task, but also 
yield improvements on various visual skills, from low-level contrast sensitivity to high-
level visual attention (for a review, see Bavelier & Green, 2012). Compared to perceptual 
training on basic tasks, the advantages of using video games are the engaging experience 
and the non-specific training effects. Researchers have attempted to use video games as a 
new visual rehabilitation method for visual impairment, such as for amblyopia (Bayliss, 
Vedamurthy, Nahum, Levi, & Bavelier, 2013; Holmes et al., 2016; Kelly et al., 2016; Li, 
Ngo, Nguyen, & Levi, 2011; To et al., 2011).  
To the best of the authors’ knowledge, there is no video-game training tested with 
AMD subjects yet. So far, training with video games has been typically tested with young 
adults, and the games have often included first-person shooting games or non-action 
puzzles. It is doubtful whether elder subjects enjoy these types of video games as much as 
younger adults, especially the fast-paced action games. But there is evidence that for 
elder subjects, playing video games can elevate their engagement, no matter whether the 
game was an action game or a puzzle game (Belchior, Marsiske, Sisco, Yam, & Mann, 
2012). They retain adequate brain plasticity to benefit from the game training (Belchior et 
al., 2013).   
Recently, a game-like training interface was designed for people with central-
field-loss to induce an eccentric retinal location (Preferred Retinal Locus, PRL) for 
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fixation (Liu & Kwon, 2016). Normally-sighted subjects were tested, and the training 
successfully improved oculomotor control as well as the adoption of PRL-like nonfoveal 
behavior in letter and sentence reading. 
Inspired and encouraged by past gaming studies, our research goal is to improve 
reading in peripheral vision by embedding an existing training procedure in a game 
context. The basic procedure of the game is illustrated in Figure 4-1C. Briefly speaking, 
we designed a word-guessing game similar to the TV show Wheel of Fortune. In our 
game, the goal is to guess as many words in a given category (for example, world cities) 
as possible with a limited number of trials. A trial begins with a trigram-recognition task 
similar to the visual span measurement. Correctly recognized letters would then become 
clues for the word-guessing game. In order to guess more words, subjects are motivated 
to recognize more letters to collect as many clues as possible. Presumably, the guessing 
part will make the training more enjoyable and can engage the subjects for longer periods 
of training. 
We tested the game-training with young, normally-sighted subjects to see whether 
their peripheral visual span and reading speed would improve, and how the improvement 
compares to a non-game training. We hypothesize that the enjoyment associated with the 








5 male and 7 female college students were recruited from the University of 
Minnesota and randomly assigned to 2 groups-- a Short-game or a Long-game group 
(described later in “Procedure”). Our analyses will also include data collected by He et al. 
(2013), where 7 male and 5 female college students were recruited and randomly 
assigned to a No-game group or a Control group (originally called the “training group” 
and the “control group” by He et al. (2013)).  All participants were native English 
speakers and had normal or corrected-to-normal vision. Their binocular acuity 
(Lighthouse Near Acuity Chart, Lighthouse Low Vision Products, Long Island City, 
NY), reading performance (MNREAD, Precision Vision, La Salle, IL) and other 
information are given in Table 4-1. The protocol was approved by the Institutional 
Review Board and was in compliance with the Declaration of Helsinki. All subjects gave 
informed consent prior to the experiment. 
Stimuli	and	Apparatus	
Stimuli consisted of black lowercase letters on a white background (background 
luminance 102 cd/m2; Weber contrast = 98%). All stimuli were viewed binocularly from 
40 cm in a dark room. The letters were rendered in Courier font with an x-height of 3°, 
and letter spacing was 1.16× x-width (standard spacing, 4.06°). This letter size was 
chosen because it exceeds the critical print size at 10° in peripheral vision (Chung et al., 
1998), and thus letter size did not limit reading speed . 
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The stimuli were generated and presented using MATLAB R2010a with 
Psychophysics Toolbox 3 (Brainard, 1997; Pelli, 1997).  We used a NEC MultiSync CRT 
monitor (model FP2141SB-BK, NEC, Tokyo, Japan; refresh rate = 100 Hz; spatial 
resolution = 0.04°/pixel) controlled by a Mac Pro Quad-Core computer (model A1186, 
Apple Inc., Cupertino, CA). Viewing distance was maintained using a chin rest and the 




















Short-game 1:5 20.8 ± 1.1 -.09 ± .007 -.40 ± .02 .02 ± .02 205 ± 5 
Long-game 4:2 19.2 ± .5 -.08 ± .008 -.35 ± .02 .07 ± .04 214 ± 16 
No-game 4:2 19.6 ± 2.1 -.07 ± .02 -.38 ± .04 .09 ± .03 205 ± 11 
Control 3:3 22.4 ± 2.1 -.07 ± .01 -.25 ± .04 .17 ± .03 191 ± 6 
All groups 12:12 20.5 ± .5 -.08 ± .007 -.34 ± .02 .09 ± .02 204 ± 5 
Table 4-1. Subject groups’ information in Chapter 4 (mean ± SEM).  
Reading speed – print size curves from MNREAD measurements were fitted on a log-log scale with the 
following function using non-linear least squares fitting to determine maximum reading speed and critical 
print size:  !" = MRS × (1 − !!!!"#(!!!!"#)) 
RS, reading speed; MRS, maximum reading speed; lrc, parameter describing the elbow of the curve; x, print 
size; xint, reading acuity. Critical print size was the print size where reading speed reaches 85% of the 
maximum reading speed. 
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Procedure	
The experiment consisted of three parts: pre-test, training, and post-test (Fig. 4-2). 
In the pre- and post-tests, subjects’ visual span profiles (using single letters and trigrams) 
and reading speeds (using ordered and unordered text) were measured. The sequence of 
these tests was single-letter visual span measurement (4 blocks), trigram visual span 
measurement (8 blocks), RSVP reading with ordered text (4 blocks) and with unordered 
text (4 blocks). Half of the blocks were tested at 10° in the upper visual field and half at 
10° in the lower visual field, interleaved. The order of the two visual fields, i.e. upper-
lower or lower-upper, was kept the same in the pre- and post-tests for each subject but 
counterbalanced between subjects.  
 
 
Figure 4-2. Experimental procedure. 
* Data from He et al., 2013 
 
Training always happened at 10° in the lower visual field. The training task was 
either the trigram letter-recognition task by itself (hereafter referred to as “trigram 
training”), or the trigram task modified to include the game (hereafter referred to as 
Visual span measurement
  - Single letters
  - Trigrams
RSVP reading speed
  - Ordered text
  - Unordered text
1.5h × 4 days
3520 trials
Trigram task
1.5h × 4 days
1760 trials





Same # of 
trigram training trials
Trigram embedded in the game
Pre- & post-tests
10˚ in the upper & lower visual fields
Training
10˚ in the lower visual field
No-game* Short-game Long-game Control*
   75 
 
“game training”). There were three different training groups: No-game, Short-game, and 
Long-game groups. Subjects in the No-game group received 4 daily sessions of trigram 
training, each session consisting of 16 blocks and lasting about 1.5 hours (data obtained 
from He et al., 2013). The Short-game group also underwent 4 daily sessions of game 
training, matching the total training time of the No-game group (6 hours). However, since 
the game contains both the training component (the presentation of the trigram) and the 
gaming component (word-guessing, described later), the time to complete one game trial 
was twice as much as to complete one non-game trial. Therefore, the Short-game group 
only had half the number of training trials as the No-game group (8 blocks/day). We then 
included a Long-game group to match the total number of training trials of the No-game 
group (3520 trials) with the training time doubled. Their training lasted for 6 days and 
had a total of 64 training blocks. Finally, we included data from a control group where no 
training occurred during the corresponding training time (data obtained from He et al., 
2013). 
In the following paragraphs, we will first describe the trigram letter-recognition 
method used in measuring the visual span and our modification of it to include the 
“Wheel-of-Fortune” game. We will then describe the method for measuring reading 
speed. 
Visual	Span	Measurement	
In order to measure the size of the visual span, we performed a letter-recognition 
task, as described in He et al. (2013). Figure 4-1A illustrates the basic procedure of a trial: 
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A subject fixated on a dot and clicked the mouse to initiate a trial. Stimuli were 
randomly-chosen lowercase letters, either in isolation or arranged as triplets (trigrams). 
Letter(s) appeared for 200ms for the subject to identify. For a letter in a trigram to be 
correct, both its identity and location need to be correct. The letters were positioned in 
slots that were horizontally arranged on an imaginary line at 10° in the lower (or upper) 
visual field. The slot centering on the fixation midline was labeled 0, and left and right 
slots were labeled with negative and positive numbers respectively. The center-to-center 
spacing between adjacent slots was 1.16 × x-width, corresponding to standard spacing in 
the Courier font. In each block, trigrams were centered 5 times on each slot from -5 to 5. 
This means that a total of 165 letters were presented during a single block. Since the 
letters in slots ±5 (10 letters/slot) and ±6 (5 letters/slot) were less than the other slots (15 
letters/slot), only data from slots -4 to 4 were used in further analysis.  
To get the visual span profile, letter-recognition accuracy was plotted against 
letter positions (Fig. 4-1B). We converted letter-recognition accuracy to information 
transmitted in bits using the formula  
Information transmitted in bits = -0.036996 + 4.6761×letter recognition accuracy, 
where chance level performance corresponds to 0 bits of information and 100% accuracy 
corresponds to about 4.7 bits. The number of bits was added for slots -4 to +4 to estimate 
the size of the visual span. 
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Training	
The trigram training used for the No-game group was exactly the same as the 
trigram measurement. The game training used for the Short- and Long-game groups was 
modified from the trigram training. We modeled our game on the popular American TV 
show Wheel of Fortune, where the goal is to guess items from a given category using 
letter clues. We developed word lists in 29 different categories for the subjects to choose 
from, including Male actors, Female actors, American cities, World cities, Animals, 
Sports, Plants, Instruments, Movies, Jobs, Household items, Food, Cars, Academic fields, 
Politics, Summer related, Adjectives for people, Business, Characters from children’s 
story and cartoons, Characters from comics and superheroes, Computer software, Dance, 
Drugstore items, Makeup and skin care, Psychology, Rocks and minerals (easy), Rocks 
and minerals (expert), Sport teams (MLB, NBA, NFL, NHL), and TV series. For a 
complete list of words, see Appendix 4. 
The procedure of the game is demonstrated in Figure 4-1C. The subject first 
picked a favorite category of words to guess, say, world cities. The game block started 
with a scorecard with 10 empty entries, randomly chosen from the unguessed words in 
the specified category. In the program, these 10 words were then concatenated to form a 
string, with the ending of the last word connected back to the first word. Three adjacent 
letters were picked randomly from this string, converted to lowercase, and presented as a 
trigram to the subject for 200ms. In the given example in Figure 4-1C, the first two words 
were actually Shanghai and Cairo, but at the beginning the subject only saw empty 
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entries “--------“ and “-----“. The concatenated hidden string was “…ShanghaiCairo…”. 
Three adjacent letters “aic” was chosen from the string and presented to the subject for 
recognition. The subject reported “alc”, and therefore only got 2 of 3 letters correct. The 
correct letters a and c were then shown on the scorecard, resulting in “------a-“ and “C----
“. At this point, the subject did not have enough clues to guess any words and decided to 
move on to the next trial. The correct letters a and c were removed from the hidden string 
to form a new string: “…Shanghiairo…”. Again, three adjacent letters “ghi” were chosen 
and presented, and the subject reported “qhi”. This time, only the last two letters h and i 
were correct. Now the first entry became “-----hai”, and the subject was confident to 
guess “Shanghai” for this entry. This was a correct guess, so a cheerful tone was played, 
one point was added to the “Total items correct” count, the entry was fully revealed on 
the screen, and a new empty entry (“Rome”) replaced the old one. In the hidden string, all 
the letters corresponding to the old entry were removed, and the letters from the new 
entry were inserted, becoming “…Romeairo…”. In the case of a wrong guess, a 
punishing tone was played and the correct entry was also revealed and replaced. In a 
block of 55 trials, the more letters the subject correctly recognized, the more clues were 
available. At the end of each block, a score board appeared, showing the highest score 
(most items guessed) in each category achieved by any subject, as well as the current 
subject’s personal records.  
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Reading	Measurement	
Reading speed was measured using Rapid Serial Visual Presentation (RSVP, 
Forster, 1970; Rubin & Turano, 1992). For each RSVP trial, a sentence was randomly 
chosen from a pool of 847 sentences for testing. A subject never saw the same sentence 
twice. The average sentence length was 11 words, ranging from 7 to 15 words. The word 
length averaged 4 letters, ranging from 1 to 12 letters. In an RSVP trial, the sentence was 
presented word-by-word, preceded and followed by masks of “xxxxxxxxxx” (Fig. 4-1D). 
Subjects were asked to fixate on a line without making vertical eye-movements, but 
horizontal eye-movements along the line were permitted. During a trial, words were 
presented 10° above or below the fixation line and were left-aligned with the left edge of 
the fixation line. Subjects read the words out loud and the experimenter counted the 
number of correctly-read words. The sentence was either ordered (words were presented 
in their original, meaningful order) or unordered (scrambled word order). Ordered text 
provides sentence context information and benefits reading. By comparing reading speed 
of ordered and unordered text, we were able to evaluate how subjects utilize context 
information during reading. 
In each block of 36 trials, 6 different word exposure durations were tested 
randomly (6 times each). Depending on individual subject’s performance during practice, 
one of two duration sets could be chosen: {30, 53, 93, 164, 290, and 511ms}, or {53, 93, 
164, 290, 511, and 900ms}. The choice of set maximally ensured 1) greater than 80% 
word recognition accuracy for the longest duration in the set, 2) close to chance-level 
   80 
 
word recognition performance for the shortest duration in the set, and 3) good eye 
fixation for all durations (fixation becomes poorer as duration becomes longer). The 
resulting accuracy – duration curve was then fitted with a psychometric function, and the 
subject’s reading speed was calculated using the exposure duration yielding 80% 
accuracy of word recognition. 
Statistical	Analysis	
When comparing training effects between groups, we first computed individual 
changes after training in the appropriate unit (i.e. % change in wpm for reading speed, # 
of bits change for visual span). If not otherwise specified, we performed 2×2×4 mixed-
design ANOVAs, with session type (pre-/post-test) and visual field (trained 
lower/untrained upper) being the within-subject factors, and group (No-game/Short-
game/Long-game/Control) as the between-subject factor. In our model, we included the 
main effects of session type, visual field, and group, as well as an interaction term 
between group and session type. Significant interaction would indicate that training has 
differential effects among groups, i.e. some groups improve more than other groups. To 
keep our model easy to interpret and powerful, we did not include other interaction terms. 
If a significant interaction between group and session type was found, we further 
analyzed the interaction using R with the package phia (Post-Hoc Interaction Analysis; 
Martínez, 2013). The reported p-values were adjusted for multiple comparisons.  
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Reading speed data (wpm) were log-transformed into log-wpm before the 
analyses in order to satisfy the normality assumption, and were transformed back to wpm 
when reporting results for easier understanding.  
Supplementary	Survey	Experiment	
A few months after collecting behavior data, we conducted a supplementary 
survey experiment. The purpose was to measure the subject’s enjoyment when 
undergoing the training, their motivation to improve on the trained task, and their 
expected improvement after the training. A complete list of questions can be found in 
Appendix 5. We sent invitations to the 18 training subjects to participate in this follow-up 
experiment, but only 8 of them came back, including 2 from the Short-game group, 5 
from the Long-game group, and 1 from the No-game group.  
To measure subjective enjoyment, we chose 21 questions from the eGameFlow 
scale (Fu, Su, & Yu, 2009) and modified them to suit our task. These questions cover 
eight key factors of enjoyment regarding e-learning games, including concentration, goal 
clarity, feedback, challenge, autonomy, immersion, social interaction, and knowledge 
improvement. To measure subject’s motivation to improve, we chose 9 questions from 
the Achievement Motivation Inventory (AMI, Schuler, Thornton III, Frintrup, & Mueller-
Hanson, 2004), each question representing one facet of motivation (adopted from the 
method of Shaw, 2011) : compensatory effort, persistence, confidence in success, 
eagerness to learn, internality, goal setting, preference for difficult tasks, pride in 
productivity, and status orientation. The enjoyment and motivation questions were then 
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combined into one survey of 30 questions. All survey items were scored on a 7-point 
Likert scale with 1 representing “strongly disagree” and 7 representing “strongly agree”.  
The returning subjects first performed 2 blocks of a certain task, for example the 
trigram letter recognition task. After that, they completed the combined survey to 
evaluate their level of pleasure and motivation during that task. The same procedure was 
repeated for three tasks: trigram letter recognition, the game, and RSVP reading. The 
sequence of these three tasks was balanced between subjects using a Latin square.  
 
RESULTS 
This section is structured in three parts. In Part I, we will report the behavior 
results of visual span enlargement and reading speed improvement after training. In Part 
II, we will construct a model to decompose the magnitude of improvement into 
contributions from trigram training, gaming, and the influence of starting level. In Part III, 
we will briefly report our survey results. 
Part	I.	Behavioral	Results	
Visual	Span	
Figure 4-3A shows the visual span profiles for single letters (dark gray) and 
trigrams (black).  From the profiles, the absolute values of single letter visual spans did 
not change much from the pre-test to the post-test for any group. In contrast, trigram 
visual span profiles increased in height and became broader in the post-test for all three 
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training groups, in both the trained (lower) and untrained (upper) visual fields. No 
improvement occurred for the control group.  
The size of the visual span was computed as the area under each visual span 
profile in bits of information transmitted (Figure 4-3B; see Methods). A 2×2×4 mixed-
design ANOVA was performed, with session type (pre-/post-test) and visual field 
(trained lower/untrained upper) as the within-subject factors, and group (No-game/Short-
game/Long-game/Control) as the between-subject factor.  
 
 
Figure 4-3. Visual span enlargement after training.  
A. Visual span profiles. Dark gray: single letters. Black: Trigrams. Dashed lines: pre-test profiles. Solid 
lines: post-test profiles. Error bars: ±1 SEM. B. Interaction plot of visual span size (bits). Red solid lines, 
No-game group. Green dashed lines, Short-game group. Blue dash-dot lines, Long-game group. Purple 
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For single letters, there were no main effects of session type, visual field, group, 
or the interaction between session type and group. Taken upper and lower visual fields 
together, visual span size increased (non-significantly) from 41.2 bits in the pre-test to 
41.4 bits in the post-test, corresponding to a small change of average accuracy from 
98.6% to 99.1%. 
For trigrams, we found significant main effects of session type (pre-test: 30.8 bits; 
post-test: 33.9 bits; F(1, 67)=92.15, p<0.001) and visual field (lower field: 33.5 bits; 
upper field: 31.1 bits; F(1, 67)=78.40, p<0.001). No main effect of group was found, but 
there was a significant interaction between session type and group (F(3, 67) = 13.00, 
p<0.001). Further analysis of the interaction revealed that for all the training groups, 
visual span size increased significantly from the pre-test to the post-test (No-game: 5.2 
bits; Short-game: 3.5 bits; Long-game: 3.4 bits; all of their adjusted p<0.001), but not the 
Control group (0.5 bit, adjusted p=0.37). Pairwise comparisons indicate that the 
comparison of enlargement is statistically significant when comparing any training group 
to the control group (all of these adjusted p<0.001) and when comparing the No-game 
group to the Long-game group (adjusted p=0.049), marginally significant when 
comparing the No-game group to the Short-game group (adjusted p=0.05), but not 
significant when comparing the Short-game to the Long-game group.  
Taken together, these analyses indicate that: 
1) In general, visual span in the upper visual field is smaller than that in the lower 
visual field.  
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2) All three types of training enlarged trigram visual span in the trained (lower) field, 
and the training effect transferred to the untrained (upper) field, with a mean 
transfer ratio of 92%.  
3) The improvement with training is significantly larger than no training, and the no-
game training produced larger improvement compared to the game training.  
Reading	Speed	
 
Figure 4-4: Interaction plot of reading speed. 
 
Figure 4-4 shows the reading speed before and after training for the 4 groups, 
tested using both ordered and unordered text. A 2×2×4 mixed-design ANOVA was 
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unordered text respectively. Additionally, we compared the context gain (the ratio 
between reading speeds for ordered and unordered text) in the pre- and post-tests. 
Compared to unordered text, ordered text provides extra context information and thus 
increases reading speed. By such a comparison, we evaluated whether the subjects were 
able to utilize context information better after training. 
For ordered text, main effects of session type (pre-test: 194 wpm; post-test: 231 
wpm; F (1, 67)=24.44, p<0.001) and visual field (upper field: 193 wpm; lower field: 232 
wpm; F(1, 67)=25.43, p<0.001) were found, as well as a significant interaction between 
session type and group (F(3, 67)=2.80, p=0.046). Further analysis of the interaction 
revealed that among the 4 groups, only the No-game training produced significant 
improvement after training. But in spite of the p-values, the three training groups all 
exhibited some improvement in the trained field (No-game: 45%; Short-game: 25%; 
Long-game: 23%), compared to 5% improvement in the control group. The average 
transfer rate of training effect to the untrained field was 90%. 
For unordered text, main effects of visual field and session type were found, but 
there was no main effect of group or any interaction between session type and group. 
Reading speed was faster in the lower field (169 wpm) compared to the upper field (146 
wpm, F(1, 67) = 48.50, p < 0.001), and faster in the post-test (164 wpm) compared to the 
pre-test (151 wpm, F(1, 67) = 4.93, p = 0.030). Despite being statistically significant, the 
improvement was rather small compared to ordered text.  
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We then computed the context gain (the ratio of reading speeds for ordered and 
unordered text) for all the subjects. Across all subjects, visual fields, and testing sessions, 
95% of the time the context gain was greater than 1, confirming the benefit of sentence 
context on reading. A similar 2×2×4 ANOVA on context gain revealed only a main 
effect of session type (F (1, 67) = 5.82, p = 0.019): Context gain increased from 1.31 in 
the pre-test to 1.44 in the post-test, and there was no statistically-significant difference 
between groups or between visual fields. This suggests that all subjects were better at 
utilizing context information in the post-test, regardless of the training they received. One 
thing to note is that the change in context gain for the Control group (+0.04) appears to be 
smaller than that for the training groups (average +0.16), but we have insufficient 
statistical power to conclude that there is a significant difference between groups. 
Taken together, these results indicate that: 
1) Reading speed in general is slower in the upper visual field compared to the lower 
visual field, and slower when measured with unordered text compared to ordered 
text. 
2) Only the No-game training significantly improved reading ordered text, but the 
two game-training groups also yielded some level of improvement.  








Figure 4-5. Correlation of reading speed and visual span size associated with 
training.  
Each line indicates the change from pre-test (circles) to post-test (triangles) for an individual subject. The 
centers of all the lines were aligned to the mean value of all the subjects for clearer visual demonstration. 
The average slope of all the lines is 0.0410.08 log-wpm/bit (or 10% improvement in wpm per bit). 
 
The size of the visual span has been found to tightly correlate with reading speed, 
and 1 bit enlargement of visual span on average corresponds to an increase in reading 
speed of 0.03 log-wpm (or 7% improvement in wpm; Legge et al., 2007). We plotted log-
transformed reading speed (log-wpm) against the size of the visual span (in bits) in the 
trained lower visual field for all the subjects from the training groups (Fig. 4-5). Each line 
segment indicates one subject and it has two data points corresponding to the pre-test 
(circles) and the post-test (triangles). To better illustrate the distribution of the slopes of 
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These lines have similar slopes, and the average slope was 0.0410.008 log-wpm/bit (or 
10% improvement in wpm per bit). Our finding here further supports an invariant 
relationship between the size of the visual span and reading speed, and thus supports the 
visual span hypothesis that the visual span is a sensory bottleneck on reading. 
Part	II.	Modeling		
Rationale	
We were surprised that the game seemed to produce less improvement than the 
no-game training. To better understand what happened during the process of training, we 
computed the average recognition accuracy for all the trigram blocks in the lower field 
during the pre-test, training, and post-test for the three training groups.  
Figure 4-6A plots the average trigram-recognition accuracy against block number 
for each training group. The first and last four blocks are the pre- and post-tests, 
respectively. Three patterns can be observed here. First, the overall performance was the 
highest for the Long-game group, followed by the Short-game group, and then by the No-
game group. Lower starting level in the No-game group may have left larger room for 
improvement compared to the two gaming groups. Second, the learning curve was the 
steepest at the beginning of training but became less steep as training progressed. Third, 
for the two gaming groups, there was a sudden change in performance at the transition 
from the pre-test to training, and from the end of training to the post-test. Recall that the 
game was played only during training, and not during the pre- or post-tests.  From the end 
of the pre-test to training, the addition of the game suddenly boosted performance, 
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whereas from the end of training to the post-test, the removal of the game yielded a sharp 
drop in performance. It is possible that the game enhances performance only when the 
game is being played but is not sustained when the game is absent. 
 
 
Figure 4-6. Training progress and model prediction.  
A. Group-averaged recognition accuracy against block number. The first and last four blocks are the pre- 
and post-tests, respectively. B. Group-averaged training progress overlaid with averaged model fitting. C. 
Individual fitting of training progress. Red curves, No-game group. Green curves, Short-game group. Blue 
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Model	description	
Based on these three observations, we built a model to describe the training 
progress:  
!! = !! + ! ∗ 1− !! ∗ 1− !!!!1− ! + !"#$  
Briefly speaking, the performance for the nth block, xn, is determined by three 
factors: Performance (proportion correct in letter recognition) on the first block (x1), 
cumulative improvement from all previous blocks, (! ∗ 1− !! ∗ !!!!!!!!! ), and a 
“Gaming boost” that is only present for the gaming blocks (Game). The improvement 
was always limited by the ceiling value of 1, that is, 100% letter recognition. We assume 
that the initial improvement from block 1 to block 2 is proportional to the difference (1 – 
x1) with k as a factor describing the proportionality. The block-to-block improvement 
decreases by a factor of λ	(1	>	λ	>	0) as training progresses. For example, for a no-game 
block, assume the starting level x1 is 0.6, k is 0.02, and λ is 0.95. From block 1 to block 2, 
the improvement is k * (1 – x1) = 0.008, and x2 = 0.608; from block 2 to block 3, the 
improvement decreases to k * (1 – x1) * λ	=	0.0076,	and	x3	=	0.6156;	and	so	on. 
We used non-linear mixed-effect (NLME) modeling to estimate the values of k, λ 
and Game. Initial examination of the data revealed that there was no need to include a 
fixed effect of group in the model, i.e. there was no systematic difference between groups. 
Therefore, our model only included a random effect to describe the between-subject 
variance. We fitted individual curves of training progress (Fig. 4-6C) and then averaged 
them to get the group curves (Fig. 4-6B). Overall, the estimated values (mean ± standard 
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error) were k =  0.02780.0055, λ	=	0.94980.0106,	and	Game	=	0.04550.0077.	This	means	that	1)	the	average	initial	improvement	from	block	1	to	block	2	was	about	2.8%	of	the	room	left	for	improvement	(i.e.	the	difference	between	the	starting	accuracy	level	and	the	ceiling	value	of	1.0,	(1 – x1)), 2) the improvement on 
average decreased by a factor of 0.95 every block, and 3) the game context boosted the 
recognition accuracy up by an extra 4.55%, regardless of the block number.  
The estimated between-subject standard deviation (i.e. the random effect in the 
NLME model) was 0.02 for k, 0.04 for λ,	and	0.03	for	the	Gaming	Boost.	The	variability	was	relatively	large,	which	is	also	apparent	from	the	individual	fitted	curves	(Fig.	4-6B):	for	some	subjects	the	training	curves	rose	fast	and	reached	a	plateau	in	an	early	stage	of	the	training,	whereas	for	some	other	subjects	the	training	curves	had	a	shallower	initial	slope	but	kept	increasing	throughout	the	training	period.	The	Gaming	Boost	also	differed	widely	across	subjects	from	the	gaming	groups,	ranging	from	1%	to	11%.	Despite	individual	differences,	there	were	no	systematic	differences	between	groups.	Our	modeling	results	suggest	that	the	core	component	of	the	game	training,	which	is	the	recognition	of	trigrams,	produces	the	same	effects	as	the	no-game	trigram	training.	The	game	can	enhance	performance	only	in	the	context	of	the	game,	but	the	quality	of	the	training	is	not	altered. 
Part	III.	Survey	
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Since we only have data from 8 subjects for the survey experiment, we will only 
report descriptive results. Here, we focus on the difference between the trigram training 
and the game training.  
 
Figure 4-7: Survey result. 
Triangles: evaluation of the trigram training. Circles: evaluation of the game training. From -3 to 3, the 
scale corresponds to the levels from “strongly disagree” to “strongly agree” in the survey. 
 
Figure 4-7 summarizes subjects’ enjoyment and motivation when they are 
performing these two tasks (see Appendix 5 for a detailed graph and a list of individual 
questions). The enjoyment evaluation was summarized by the 8 key factors (see 
Methods), and the 9 questions in the motivation survey were averaged as one “Motivation” 
factor. Comparing between trigram and game training, the largest difference occurred 
mainly in two factors: Feedback and Social Interaction. In the game training, subjects 
received clearer feedback and experienced competition with other subjects, which 
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differences in other factors of enjoyment or motivation. It is surprising to find that there 
is no difference in the Motivation factor. Retrospectively, we realized that since the 
“Motivation” survey was modified from the Achievement Motivation Inventory, it may 
only reflect a stable personal trait instead of a real-time motivation to complete the task. 
Overall, the survey revealed that the advantages of the game training are its immediate 
feedback on the subject’s responses and its inclusion of a motivating competition 
between players. It might be helpful to include these key features in a clinical 




Our study shows that embedding the trigram training in a word-puzzle game can 
enlarge visual span, and the improvement largely transfers to the untrained visual field. 
The amount of enlargement for the gaming groups appeared to be smaller than that for 
the No-game group. The fact that game-training did not have greater training benefits 
than non-game training may seem surprising at first, but it is not inconsistent with 
previous literature. Using video games to improve visual skills has received a lot of 
attention recently, but most experiments focus mainly on 1) comparing gamers vs. non-
gamers, 2) comparing action-video games vs. non-action video games, or 3) comparing 
game-training with a no-training control. To the best of the authors’ knowledge, very few 
studies have compared the same training with and without a game. In one related study, 
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Belchior et al. (2013) examined the useful field of view (UFOV) of elderly subjects and 
compared the training effect of action video-game training, non-action video-game 
training, and training with the UFOV test itself, i.e. a non-game training. They did not 
find superior training benefits induced by the game training, and if anything, the 
improvement on selective attention was largest for the UFOV training group (the 
difference was not statistically significant). This pattern is the same as the one we found, 
which seems to suggest that despite being more enjoyable, game training may not provide 
superior performance benefits compared with no-game training.  
But the comparison between game training and non-game training is never 
straightforward. Most video games used for training were based on commercial software. 
Therefore, the dynamic visual presentation in the games is hard to quantify and to control, 
making it difficult to match any aspect of the game training with non-game training 
except for the training time. In contrast to previous studies, our word-puzzle game has a 
dissociable “training component” (the letter-recognition task) and “gaming component” 
(word guessing), enabling a direct match of either stimuli exposure time or total training 
time between the two types of training. As illustrated by our modeling results, the 
training component embedded in the game was as effective as the no-game training. The 
apparent difference between groups can largely be accounted for by variation in 
individual starting level.  
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Perks	of	the	Game	
Despite its inability to amplify training effects on visual span and reading speed, 
the gaming component had an additive boost on performance while the game was present 
(the Gaming Boost). What is the origin of this temporary effect that elevates online visual 
perception?  
According to our survey results, the game was more enjoyable compared to the 
no-game task mostly because of its timely feedback and its competition aspect. Feedback 
is an important factor determining the result of learning. In some cases, perceptual 
learning cannot occur without feedback (Seitz, Nanez, Holloway, Tsushima, & Watanabe, 
2006). In some other cases, while feedback is not needed for perceptual learning to 
happen, faked feedback, given randomly while assuming a steeper learning curve, can 
boost the learning effect (Shibata, Yamagishi, Ishii, & Kawato, 2009). However, since in 
our study the dynamics of learning is not altered in the gaming groups, feedback is 
unlikely the underlying mechanism for the Gaming Boost. 
The role of competition has been studied widely in the context of educational 
games. Take one example of a computer-programming course (Burguillo, 2010). The 
purpose of the course was to teach students to learn programming skills, and the students 
were divided into groups to program a virtual player to compete in a game with other 
groups. Over 5 years of the course, end-of-semester surveys showed that students were 
interested in the game and found that the competition approach motivated them to learn. 
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But elevated motivation is still not enough to account for the Gaming Boost observed 
here. 
It may be hard to pinpoint a specific feature in the game, for example feedback or 
competition, that causes the Gaming Boost. Instead, it might be the integrated experience 
of game playing that is crucial for the boost. A PET study provided evidence that 
dopamine was released in the striatum during the game play, and the release level 
increases with increased game performance, especially in the ventral striatum (Koepp et 
al., 1998). Dopamine is an important neuromodulator in the visual system, and it has been 
proposed to modulate human contrast sensitivity (for a review, see Masson et al., 1993). 
Levodopa, the precursor to dopamine, can be used to treat contrast sensitivity deficits in 
people with Parkinson’s Disease (for example, Bulens, Meerwaldt, Van der Wildt, & Van 
Deursen, 1987). Together, it seems possible that the engaging experience of the game 
flow induced an elevation of dopamine level, which then resulted in a temporary boost of 
visual function and therefore enhanced performance. This benefit, however, did not affect 
learning itself and thus the effect was not sustained after the removal of the game. 
Visual	Span	and	Reading	
The improvement in reading speed following training shows a similar pattern to 
the enlargement of the visual span, where non-game training yielded more improvement 
than the game-training. Averaged across subjects, one bit enlargement of visual span was 
associated with an increase of 0.0410.08 log-wpm, equivalent to a 10% increase in 
reading speed . Compared to previously reported values (0.024~0.036 log-wpm/bit, 
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average 0.03, Legge et al., 2007), our value is slightly larger. This is possibly due to the 
difference in the number of slots included to calculate the size of the visual span. The 
current study measured the size of the visual span using 11 letter slots, whereas some 
studies analyzed in Legge et al. (2007) used 13-15 slots. More slots result in larger 
measured visual-span sizes and larger changes in the size, which then results in smaller 
slope values. Despite the small difference in slope values, our finding confirmed the link 
between visual span and reading, and that enlarging the visual span in peripheral vision is 
associated with an improvement in reading speed. 
Application	
While we support the benefit of using a game, we acknowledge that our “Wheel 
of Fortune” game has only been tested with normally-sighted subjects and cannot be used 
for any clinical purposes yet. There are many issues to be addressed before any video-
game training can be applied to macular degeneration. A big obstacle in the game design 
comes from the lack of reliable fixation for people with central-field loss. To make 
appropriate eye movements, a new fixation reference point needs to be established in 
peripheral vision, called a preferred retinal locus (PRL). Without a well-defined PRL, it 
would be hard to display the training stimuli in the targeted visual field. Another concern 
is that, as sometimes games can be hard to learn (Bayliss et al., 2013), complex rules and 
physical operation of the game may be discouraging. The Wheel-of-Fortune game has 
very simple rules, but the current design requires extensive eye movements to examine 
the scorecard. While it may be good to include eye-movement practice, too much demand 
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on eye movements will make the game difficult and frustrating, especially when the 
patient does not have good fixation. Possible modifications of the design include 
reducing the number of words displayed on the scorecard, or providing auditory feedback 
instead of the visual display.  A third issue to address is the equipment required for 
playing the game. In eye-movement or PRL training studies, special-purpose equipment 
such as an eye-tracker or a scanning laser ophthalmoscope (SLO) is often required. If 
game training involves using special equipment, its usage will be limited. Considering the 
effort and expense to arrange clinic visits, reliable home-based training would be 
preferable. The Wheel-of-Fortune game does not involve the use of any clinical device, 
but in the current stage an experimenter is needed to enter responses and to score the 
guesses. One future direction is to utilize voice recognition technology to automate the 
game.  
Another issue is the extent to which the training transfers to useful everyday tasks. 
There are already commercial “brain training” programs (e.g. the Lumosity platform) 
aimed to enhance people’s cognitive ability, which are batches of small games targeting 
specific cognitive skills. A review of 374 published works, either listed on a website 
called Cognitive Training Data (http://www.cognitivetrainingdata.org) or cited by 
leading brain training companies, found that despite improvements on the trained tasks, 
there was little evidence of strong transfer of training benefit to untrained skills (Simons 
et al., 2016).  
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As for the application of video game training in low-vision rehabilitation, two 
randomized clinical trials were conducted recently to compare video game training 
against traditional patching therapy for children with amblyopia(Holmes et al., 2016; 
Kelly et al., 2016). Although they both found improved visual acuity in the amblyopic 
eye associated with game training, neither of them found any improvement in 
stereoacuity. In the current study, we found that the gaming component only temporarily 
boosted performance but did not result in any sustained benefits. It is possible that for 
many games, the major benefit of playing (compared to a no-game training) is to enhance 
user experience and to elevate persistence of training. Therefore, while being optimistic 
about using games for perceptual training, we have to be realistic about the expected 
outcome. Playing video games is an alternative training method, but it may not 
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Appendix 1. Korean Stimuli Used for Chapter 2 
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Figure A1-1. Full list of 279 Korean characters. 
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Although Korean components can be directly “typed” onto the backdrop in Matlab and 
cut using the default bounding box for the specified size (282 pixel (W) by 345 pixel (H)), 
we did not adopt this method. Our concern was that components typed in this way were 
generally larger than they appear in characters (for example versus the upper-right 
component in the character0) and thus would not allow us to test the real acuity limit for 
Korean recognition. We therefore first generated images of Korean characters and then 
cut component images from them. Due to the variations in the structure of the characters 
(two or three components, vertical or horizontal), the components within a character 
could vary in size and shape. A component in a two-component character may appear 
bigger than the same component in a three-component character (for example the 
component in /versus in 0). To make sure that we could test the acuity limit in 
recognizing Korean characters, we chose three-letter characters to cut our testing images 
of Korean letters (see Fig. A1-2). When generating the characters for cutting consonants, 
we kept the vowel and the tail components unchanged while varying only the lead 
consonant. Similarly, when generating the characters for cutting vowels, we kept the lead 
and the tail consonants unchanged while varying only the vowel. In this way we intended 
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Appendix 2. Pattern Similarity of Korean and English Symbols 
In addition to complexity, the similarity between stimuli in the symbol sets also 
influences recognition. Similarity within a given symbol set is sometimes defined 
functionally by a confusion matrix between the items in the set. By definition, higher 
similarity means more chances to mistake one item for another. Empirically, when 
identifying isolated patterns, the similarity between alternatives is a good predictor of the 
contrast threshold for a template-matching ideal observer (Pelli et al., 2006). In crowded 
conditions, higher target-flanker similarity results in more identification errors and 
mislocation (reporting the correct identity of a flanker instead of the target) errors 
(Bernard & Chung, 2011).  
 
In parallel, here we found that although Korean components had slightly smaller 
perimetric complexity compared to English letters (96 vs. 102), their recognition 
performance was slightly worse than that for English letters (averaged accuracy 95.7% 
versus 98.4% before training; not significantly different). We quantified the overlap 
between stimuli by computing pairwise Euclidean distance (Gervais, Harvey, & Roberts, 
1984) and found a higher similarity (smaller distance) between Korean components than 
between English letters (Fig. A2-1). For Korean component-recognition, when compared 
to English letter-recognition, the disadvantage of higher similarity seemed to offset the 
potential benefit of smaller perimetric complexity. But although here we discuss the 
effect of complexity and similarity separately, they often interact in real-world situations. 
For example, natural scripts with higher complexity are often found to have less 




Figure A2-1. Similarity density plot: Korean components vs. English letters.  
The mean distance between stimuli (off-diagonal) is 1118 for Korean components (blue), 
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Appendix 3. Changes of Critical Print Size in Chapter 3 
 
This is a continuation of the discussion in Chapter 3. From the averaged reading curves in 
Figure 3-3, all three groups had reduced critical print size (vertical dashed lines) after 
training. A 3×2	ANOVA	was	performed	for	critical	print	size	after	log-transformation, 
with group (Flanked-Local / Flanked-Distributed / Isolated-Distributed) as the between-
subject factor and session type (pre-/post-test) as the within-subject factor.	We	found	a	significant	main	effect	of	session	type	(F(1,	24)=7.67,	p=0.01):	overall,	critical	print	size	decreased	from	1.35	to	1.17	degrees	after	training	(average	reduction	12.3%).	No	main	effect	of	group	or	any	interaction	effect	was	found.			Our	results	indicate that critical print size decreased no matter whether the training was 
localized or distributed. If the attentional bias limits the improvement of maximum 
reading speed, why does it not limit the reduction of critical print size? Note that unlike 
maximum reading speed, the reduction of critical print size is more closely related to the 
improvement in reading speed for smaller-sized text. When text size is smaller, even a 
localized training will have large retinotopic overlap with most words. For example, in 
our study the mean training size for the localized training group (1.4 times the subjects’ 
average critical print size) was 1.85° in x-height, whereas the two smallest sizes in the 
reading test were 0.56° and 0.79° in x-height. On average, training stimuli (three letters 
spaced 0.8 times x-width) spanned 5.6° horizontally. A standard-length English word has 
6 characters (including space, punctuation, ect.), and a 6-character word would span 4.4° 
when x-height is 0.56° or 6.2° when x-height is 0.79°.  Therefore, our training has 
enough coverage to stimulate the letters in most of the words for the two smallest print 
sizes in our reading task. In this case, even if a spatial bias was introduced during training, 
the preferred location largely overlaps with the words and thus the bias does not have a 
detrimental effect. 
 
One issue may evoke doubt on the above discussion. We found seemingly inconsistent 
results with a previous study: using similar distributed training, we found reduced critical 
print size after training whereas Chung et al. (2004) didn’t. But the results are not 
conflicting if we focus on the improvement in reading smaller-sized text instead of on 
critical print size per se. It seems that in Chung et al. (2004), reading speed (in log-wpm) 
improved uniformly across all print sizes, resulting in increased maximum reading speed 
but no change in critical print size. As can be inferred from the reading curve in Fig. 3-1E, 
if reading speed improved uniformly across all print sizes, critical print size will remain 
unchanged despite the improvement in reading small-sized text. This is the case in Chung 
et al. (2004) where improvement in reading smaller-sized text does not lead to a reduced 
critical print size. Our results are consistent with Chung et al. (2004) and Chung (2007) in 
that both distributed and localized training can improve reading speed for small-sized text.  
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In summary, critical print size decreased in all three training groups. This indicates that 
neither crowded training stimuli nor spatially distributed training was necessary for such 
decrease.       
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Appendix 5. Detailed Survey Results in Chapter 4 	
	
Figure A5-1: Detailed survey results with questions.  
Circles with black outline: mean score of the 8 subjects. Translucent dots: individual responses. From -3 to 
3, the scale corresponds to the levels from “strongly disagree” (blue) to “strongly agree” (red) in the survey.  
 
Below is a list of all 30 questions used in the survey: 
Concentration 
Q1 – Most of the activities are related to the learning goal. 
Q2 – The workload of the tasks is adequate.  
Q3 – I am not distracted from the learning tasks I should concentrate on. 
Goal Clarity 
Q4 – The procedure is presented at the beginning of the task. 
Q5 – The procedure is presented clearly. 
Concentration
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Feedback 
Q6 – I receive feedback on my progress throughout the task. 
Q7 – I receive immediate feedback on each of my responses. 
Q8 – I receive information on my overall performance immediately. 
Challenge 
Q9 – The task provides new challenges at an appropriate pacing. 
Q10 – The difficulty of the tasks increases as my skills improves.  
Autonomy 
Q11 – I know what I am supposed to do at all times during the task. 
Q12 – I feel a sense of control over the task. 
Immersion 
Q13 – I can become involved in the task. 
Q14 – I become unaware of my surroundings during the task. 
Q15 – I forget about time passing during the task. 
Q16 – I temporarily forget worries about everyday life during the task. 
Social Interaction 
Q17 – The competition in the task is helpful to learning. 
Q18 – I feel competitive toward other participants in the task. 
Knowledge 
Q19 – I want to improve the peripheral vision skills taught by the task. 
Q20 – I catch the basic idea of the peripheral vision skills to be improved by the 
task. 
Q21 – I feel the task increases my peripheral vision. 
Motivation 
Q22 – I want to get positive comments on my performance on this task. 
Q23 – I feel I can control my performance on this task through my own effort. 
Q24 – I derive a sense of satisfaction when I feel my performance on this task has 
improved. 
Q25 – I prefer this task to be challenging as opposed to being easy. 
Q26 – I regard every trial on this task as a new opportunity to improve. 
Q27 – I set and maintain high standards of performance for myself in this task. 
Q28 – I feel a need to try harder on this task if I suspect that my performance was 
poor.  
Q29 – Even when this task is difficult, I expect to do well. 
Q30 – I find it easy to concentrate on this task for long periods of time without 
becoming tired. 
 
 
 
 
 
 
